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Abstract 
A silkworm cocoon is a biological porous structure which provides multiple protective 
functions ensuring the successful metamorphosis of the silkworm pupae to silk moth. Thin 
and lightweight wild cocoons can protect silkworms from harsh weather conditions (-40 ºC to 
50 ºC), physical attacks and other environmental adversaries, while supporting their 
metabolic activity. Yet outside the cocoon, wild silkworms would not survive in very cold 
weather. A perennial problem for the development of protective clothing is the difficulty in 
realising both protection and comfort for the wearer. Clothing with good protection against 
extreme weather conditions, is usually heavy and bulky with poor breathability, hence 
uncomfortable to wear. The knowledge from this natural protective system could contribute 
to develop advanced materials and structures with superior performances and meet the human 
demanding of novel breathable materials for enhanced thermal protection and comfort. 
The thermal insulation properties of both wild Antheraea pernyi (A. pernyi) and domestic 
Bombyx mori (B. mori) cocoons under both warm and cold environment conditions were 
studied by experimental and numerical methods. Computational fluid dynamics (CFD) 
models were developed according to both two types of original fibrous cocoon structures to 
simulate the unique heat transfer process through the cocoon walls. The wild A. pernyi 
cocoon reduces the intensity of convection and heat flux between the environment and the 
cocoon interior and has higher wind resistance than its domestic counterpart. Compared with 
A. pernyi cocoon, the B. mori cocoon facilitates easy air transfer and decreases the 
temperature lag when the surrounding conditions are changed. The A. pernyi cocoon has 
higher thermal insulation under windy conditions due to the mineral crystals deposited on the 
outer layer surface and its hierarchical structure with low porosity and high tortuosity. 
The effects of physical parameter and shape of silk fibers in the heat transfer process were 
investigated by the further applying of cocoon models. For A. pernyi cocoon, heat capacity 
and thermal conductivity of silk fibroin and mineral crystals have effect on the heat transfer 
process. For B. mori cocoon, heat capacity of silk fibroin has effect on the heat transfer 
process, while thermal conductivity of silk fibroin has no effect on the heat transfer process. 
The rough surface of silk fibres can enhance the thermal insulation of both cocoons with low 
or high porosity. The shape of silk fibres in the cocoons with crystals can affect the heat 
transfer process significatly.  
 IV 
The moisture transfer through both A. pernyi and B. mori silkworm cocoon walls were also 
studied. The water vapour transmission and water vapour permeability (WVP) measurements 
show that the A. pernyi cocoon wall has overall higher moisture resistance (ܹܸܲതതതതതതത is 0.046 g/ 
(h∙m∙bar)) than the B. mori cocoon wall (ܹܸܲതതതതതതത is 0.079 g/ (h∙m∙bar)). In particular, the A. 
pernyi cocoon wall has higher moisture resistance in the direction from the outer cocoon 
surface to the inner surface (ܹܸܲതതതതതതത is 0.034 g/ (h∙m∙bar)) than the opposite direction (ܹܸܲതതതതതതത is 
0.057 g/ (h∙m∙bar)), in contrast to the equivalent moisture resistance through the B. mori in 
both directions. The anisotropic moisture transfer characteristics of the A. pernyi is also 
highly related to the mineral crystals. After its mineral crystals were removed, the water 
vapour transmission and water vapour permeability remained similar in both directions. The 
directional moisture transfer characteristics of the A. pernyi cocoon wall was studied by 
numerical simulation.  Simulation work identifies that the existence of cubic mineral crystals 
(in the cocoon outer section), low porosity and high tortuosity of the cocoon structure lead to 
higher moisture resistance of the A. pernyi cocoon wall. 
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Chapter 1 General introduction  
1.1    Background 
A perennial problem in the development of protective clothing is the difficulty in realising 
both protection and comfort for the wearer. Clothing with good protection, against extreme 
weather conditions, is usually heavy and bulky, with poor breathability, and hence is 
uncomfortable to wear. In nature, very thin (̚0.4 mm) and lightweight cocoons can protect 
wild silkworms from harsh weather conditions and other environmental hazards, while 
supporting their metabolic activity. The preferred temperature range of wild silkworms is 
between 11°C and 25 °C. Yet outside the cocoon, wild silkworms would not survive if the 
temperature falls below -17 °C. Cocoons have proved to enhance the survival chance in cold 
environments by withstanding external low temperature challenges during inactivity 1. The 
cocoon wall plays an important role in performing those protective functions. The 
characteristics of the wild silkworm cocoon provide excellent examples of how nature selects 
material and structures to meet challenging demands. To learn from the silkworm cocoons in 
the challenge of designing novel, breathable materials for enhanced protection and comfort, 
firstly, it is necessary to understand the unique structure and functional properties of silk 
cocoons. In particular, this work will tackle the unique heat and moisture transfer properties 
of cocoons. The characteristics of the silkworm cocoons provide excellent examples of how 
nature selects materials and structures to meet challenging demands. The information 
obtained from increased knowledge of silkworm cocoons could lead to the production of 
more lightweight and breathable materials for enhanced human protection and comfort. 
1.2    Objectives and scopes of this study 
The wild silkworm cocoon provides multiple protective functions against environmental 
and physical hazards, increasing the chance of survival of the moth pupae that resides inside 
it. The domestic silkworm cocoon promotes air and heat flux exchange between the interior 
and exterior of the cocoon and reduces the temperature and moisture lag with the changing 
surrounding conditions in the indoor environment, which can enhance the comfort of the 
pupa. The function of clothing for the human body is similar to the function of the cocoon for 
the moth pupae inside, it should be able to maintain the human body in an acceptable 
thermodynamic state under different environmental conditions and activities.  
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The mechanical protection and shock absorbance functions of silkworm cocoon have been 
researched widely 2-5. The multilayered and graded cocoon structure has shown to improve 
the toughness, enhance energy absorption due to the wave impedance matching of different 
plies and increase shock absorbance. Some research has recently been conducted to study the 
silkworm cocoon-related thermal properties and functions 6. The silkworm cocoons are able 
to provide significant buffer against temperature changes outside the cocoon structure and the 
wild cocoons show stronger thermal buffer over the domestic cocoon types. However, limited 
research has been carried out on the effects of microstructure and components of silkworm 
cocoons on the heat and humidity transfer process. Furthermore, most of the research on 
silkworm cocoons is based on the experimental method without further analysis using 
numerical modelling. 
In this thesis, both modelling and experiments will be utilized to understand the thermal 
and ventilation functions of silkworm cocoons. Models will be built to simulate the heat and 
humidity transfer process through the silkworm cocoon wall and to analyse the transfer 
process in the cocoon wall in detail. Experiments will be conducted to study the thermal and 
humidity properties of the cocoon, and the experimental data will be used to validate the 
numerical simulation of the model.  
The primary aim of this research is to understand how functional properties are realised by 
such thin cocoon wall structure, their heat and moisture transfer properties in particular. This 
question has been formulated to undertake a fundamental study on the modelling of heat and 
moisture transfer through silkworm cocoon walls.  
Specifically, the following questions will be investigated: 
Question 1: What are the thermal properties of the Antheraea pernyi (A. pernyi) and 
Bombyx mori (B. mori) silkworm cocoon walls? 
The A. pernyi silkworm lives in the wild and faces extreme weather conditions, such as hot, 
cold and windy conditions. The A. pernyi silkworm chrysalis can survive in such conditions 
due to protection provided by the cocoon wall. The B. mori silkworm has been cultivated for 
centuries and no longer lives in a rough natural environment. It is fed indoors for silk 
production, which has increased cocoon size, growth rate and digestion efficiency. The B. 
mori silkworm chrysalis surrounded by the cocoon wall can live smoothly in the crowded 
conditions of indoor growth environments. At present, high thermal protection has been 
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achieved by using ceramic fibres or synthetic fibres coated or filled with inorganic fillers, 
such as zirconium magnesium oxide or iron oxide. Such materials are heavy and inflexible 
and have poor breathability, hence uncomfortable to wear. Understanding how wild silk 
cocoons maintain thermal comfort for the pupa residing inside provides a solid foundation for 
designing future flexible thermal functional materials.  
Question 2: What are the moisture transfer characteristics of the A. pernyi and B. mori 
silkworm cocoon walls?  
The A. pernyi silkworm chrysalis has to survive not only under extreme thermal conditions, 
but also under extreme humidity. In the wild, the silkworm chrysalis may be attacked by 
water from rain or dew droplets. For the B. mori silkworm, low or high relative humidity 
levels also have adverse effects on pupation. A silkworm prefers correct internal moisture 
levels for successful pupation, in this course, too much or too little moisture transfer through 
the cocoon wall has negative effect, causing over-wetting for the pupae or dehydration. The 
complex management of moisture levels is offered by the silk cocoon with thin wall of less 
than 1 mm in thickness. 
A proper relative humidity level inside the cocoon plays an important role in the process of 
metamorphosis. How does the cocoon wall act as a waterproof barrier to keep the silkworm 
chrysalis dry? How does the cocoon wall act as a humidity buffer to prevent the silkworm 
chrysalis from desiccating? To better understand how the A. pernyi and B. mori silkworm 
cocoon walls maintain the correct internal moisture levels for the survival of silkworm 
chrysalis, the ventilation properties of the A. pernyi and B. mori silkworm cocoon wall will be 
studied. 
Question 3: How do the microstructure of the cocoons and their components affect the 
thermal and moisture transfer process through the A. pernyi and B. mori silkworm cocoon 
walls? 
The thermal and moisture transfer characteristics of cocoon walls are influenced by their 
microstructure and compositions. The unique fibre morphology, fibre dimension, fibre 
organisation and fibroin-sericin bonding are the main factors that influence the microstructure 
of the cocoons. Silk fibroin and sericin are the main materials constructing the cocoons, while 
the cubic mineral crystals are only deposited in the A. pernyi cocoon. The physical 
characteristics of these compositions may also affect the thermal and moisture transfer 
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characteristics of the cocoon walls. To study the thermal and ventilation functions of the 
silkworm cocoon walls, it is necessary to understand how the microstructure of the cocoons 
and their components affect the thermal and moisture transfer process through the walls.  
The main aim of this project is to understand and model the structure and properties of A. 
pernyi and B. mori silkworm cocoons. Specifically, the aims are:  
1) Understand the hierarchical multilayer composite structure of the silkworm 
cocoons, which can protect the silkworm in various environmental conditions. 
2) Model the heat and moisture transfer process of silkworm cocoons to 
understand the thermodynamics and hydro-mechanical characteristics and predict 
their heat and moisture transfer properties. 
3) Understand the effect of the microstructure and components of silkworm 
cocoons to their thermal and humidity functions. 
The understanding and modelling will provide a novel conceptual platform to design and 
develop the next generation comfortable protective materials. 
1.3    Outlines of the thesis 
A general introduction including the background and objectives of the present study is 
provided in Chapter 1. In Chapter 2, the current research status of silks and silk cocoons is 
introduced; the relevant fundamental theories of heat and mass transfer through porous 
materials and their numerical solving methods, as well as past research with regards to this 
question are also reviewed. Details of materials, experimental and analysis procedures are 
explained in Chapter 3. In Chapter 4, the heat and moisture transfer process through silkworm 
cocoon wall is analysed theoretically, and then the 2D A. pernyi and B. mori cocoon models 
are built based on the cross-section of natural cocoon walls in ANSYS CFX. In Chapter 5, the 
heat transfer characteristics of the A. pernyi and B. mori cocoons are compared and 
investigated. The thermal insulation properties of the A. pernyi and B. mori cocoons are 
tested and compared under warm and cold conditions. The heat transfer processes through the 
cocoons are simulated in the models. In Chapter 6, the heat transfer models are further 
applied to study the effect of physical parameters of the cocoon compositions and the 
influence of fibre shape on the heat transfer process.  In Chapter 7, the moisture transfer 
characteristics of the A. pernyi and B. mori cocoon walls are compared and investigated. The 
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moisture resistance of cocoon walls is tested in an environmental chamber and the moisture 
transfer process through A. pernyi cocoon wall is simulated. Chapter 8 is the last chapter 
providing a general conclusion and suggestions for further work.   
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Chapter 2 Literature review  
2.1    Characteristics of silkworm cocoons 
2.1.1    Introduction of silkworms 
The practice of breeding silkworms for the production of raw silk commenced in China 
more than 5000 years ago 7, it then spread to Korea and Japan, and later to India and Western 
countries. Today, Bombyx mori, which was domesticated from Bombyx mandarina (B. 
mandarina) 8,9, is the main silk source in the world. In addition to B. mori, several types of 
silkworms have also been used as silk sources, including Samia cynthia (S. cynthia) 10, 
Antheraea pernyi (A. pernyi) 11 and Antheraea mylitta (A. mylitta) 12.  
In the wild, the preferred food of silkworms is white mulberry leaves. Apart from that, 
other species of Morus can also be used to feed the silkworms, such as the leaves of Morus 
rubra or Morus nigra. 
There are four growth stages in the life cycle of a silkworm: egg, larva, pupa and adult 
moth (shown in Figure 2-1). Under optimal conditions, the eggs turn into the larvae in 11–12 
days. For most silkworms, there are four molting and five instar processes in the larval period. 
Molting occurs at the end of each instar stage, except for the final one. A larva takes about 36 
days from incubation to cocooning 13. The range of temperatures in which silkworms can 
grow is different for different stages but is usually between 7 °C and 40 °C. The optimal 
temperature range in which the silkworm grows is normally between 20 °C and 30°C. 
Spinning and cocooning is the natural behaviour of the silkworms for acclimation. The 
sericterium produces and secretes silk material, which contains fibroin and sericin that are 
both formed by a protein consisting of 18 types of amino acid. The sericterium in the middle 
produces sericin, and the sericterium at the end produces fibroin. Therefore, the fibroin is not 
covered by the sericin until the fibroin reaches the middle of the sericterium. 
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Figure 2-1 Life cycle of the silkworm 
The bave is normally colourless and transparent, but sometimes can be yellow, red or green. 
The yellow and red pigmentums are from the phytochrome in the mulberry leaf such as 
carotene. The green pigmentum is produced in the digestive tract of silkworm. In general, 
most of the pigmentums exist in the sericin, resulting in the fact that the silk turns into white 
after filature due to the absence of the sericin 14-17.  
The full genome of the silkworm was published in 2008 by the International Silkworm 
Genome Consortium 18. A draft sequence was published in 2004 19. It was found that there 
are great differences between domesticated and wild silkworms. This suggests a single event 
of domestication happened over a short period of time, with a large number of wild worms 
being collected for domestication 20. The characteristics of the silkworms have changed 
drastically ever since domestication. Compared to wild silkworms, the domesticated 
silkworm grows and digests its food faster, which limits its ability to fly. 
2.1.2    Properties of silk 
Silk has been a highly prized material since it was discovered thousands of years ago. The 
properties of silk fibres and silk proteins have been extensively studied 21-23.  
Silk is a natural protein with exceptional performance, which is unmatched by other fibres 
24,25. The protein fibre of silk is mainly composed of fibroin that is insoluble in most 
solvents including water, dilute acid and alkali. After being synthesized at the epithelial wall 
of the posterior segment, silk fibroins are secreted into the lumen as an aqueous solution and 
extruded to the ducts of middle silk glands, where the concentration of silk fibroin increases 
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and aggregation of micelle-like particles begins, which induces the formation of globules. 
Finally, crystallization of the silk occurs under shear stress and dehydration conditions 22,26,27.  
Depending on the silk species, silkworm silk fibres can have a tensile strength of about 500 
MPa and a Young's modulus of about 10 GPa, with a breaking strain of 20-40% 28, which 
makes silk one of the strongest fibres 29. It has been shown that by manipulating the fibre 
spinning speed, the mechanical properties of silkworm silk fibres can be enhanced to match  
the ultra-high performance of spider silk fibres 23. In addition, silk fibre has excellent thermal 
performance. Silkworm silk fibres have small heat conductivity and low moisture regain at 
about 12% - 14% under standard conditions (at the temperature of 273.15 K and absolute 
pressure of 100 kPa ) 30,31. Therefore, silk has become a valuable bio-mimetic reference point 
for the production of high performance silk-based materials in the future 22,25,29. In recent 
years, silk fibre protein (fibroin) has also been actively studied for biomedical applications 32. 
In physics, thermal conductivity is the property of a material to conduct heat. It is an 
important parameter in the heat transfer process. The thermal conductivity of fibres has 
directional difference due to the anisotropy of the fibres. Table 2-1 shows the thermal 
conductivity of different fibres in the axial and radial directions 33. ߣ௔  is the thermal 
conductivity of the fibre in the axial direction; ߣ௥ is the thermal conductivity of the fibre in 
radial direction. 
Table 2-1. The thermal conductivity of fibres 
No. Materials λa [W/(m.K)] 
λr 
[W/(m.K)] No. Materials 
λa 
[W/(m.K)] 
λr 
[W/(m.K)] 
1 Wool 0.4789 0.161 7 Ramee 1.6624 0.2062 
2 Mohair 0.3548 0.1685  8 
Viscose 
acetal fibre 0.718 0.1934 
3 Rabbit hair 0.3308 0.1321  9 Dacron 0.9745 0.1921 
4 
Mulberry 
silk 0.8302 0.1557 10 Acrylon 0.7427 0.2175 
5 Tussah silk 0.9783 0.1587 11 Chinlon 0.5934 0.2701 
6 Cotton 1.1259 0.1598 12 Twaron 4.3396 0.2117 
2.1.3    The structure of silkworm cocoons 
The silkworm cocoon wall is a non-woven composite structure that can be considered as a 
porous matrix of sericin reinforced by randomly oriented continuous fibroin 34,35. Many pores 
are located between the silk filaments and these pores can be either interconnected or 
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disconnected 36. Silk is produced as an aqueous solution in the posterior section of the silk 
caterpillar’s gland 37. The solution is extruded through two spinnerets and the twin filaments 
(bave) are coated and fastened together by the silk gum (sericin) during coagulation. A 
compact cocoon is formed when a silkworm, along with spinning, wraps the bave around its 
body through a gyrating motion of its head and cyclic bending and stretching of its body in a 
programmed manner 38,39. As shown in Figure 2-2 40, the cocoon as a whole is a layered 
composite biomaterial. As silk spinning continues, the silk filaments become finer and 
stronger and the crystallinity and the molecular orientation of silk polymer increase 28,41. The 
silk filament is also known to be laid more closely towards the end of spinning, making the 
inner shell (known as pelade) the hardest and smoothest with stronger mechanical properties 
5,42,43. The fibre width is generally larger for the cocoon outer layers than the inner layers and 
the fibres in the inner layers are arranged more compactly than those in the outer layers.  
Calcium oxalate crystals can be found on the outer surface of most cocoons, except for B. 
mori 6. The crystals can strengthen the structures of wild cocoons and affect the rate of gas 
diffusion in the cocoon wall 44,45. For some types of gas, such as CO2, the crystals have the 
unique function of allowing preferential gating of CO2 from inside to outside 46. In 
thermodynamics, the crystals may also affect the thermal properties of cocoons 6. 
 
Figure 2-2 A. pernyi cocoon cut open to show shell layers 40 
2.1.4    Research status of silkworm cocoons 
Cocoon has been proved to enhance survival chance in cold environment by withstanding 
external low temperature challenges during inactivity 1. The cocoon wall, with a hierarchical 
multilayer structure, plays an important role in performing those protective functions. The 
mechanical properties of silk fibres from the wild A. pernyi and domestic B. mori silkworm 
cocoons were investigated and it was found that the silk fibres from different components of 
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cocoons have dissimilar mechanical properties 42,47. The multilayered and graded cocoon 
structure has been shown to improve the toughness, enhance energy absorption due to the 
wave impedance matching of different plies 2,3, and increase shock absorbance 4. 
Some investigations on gas and moisture transfer properties of silkworm cocoons have 
been conducted by a number of researchers. Manas et al. studied the gas diffusion properties 
of the A. mylitta cocoon 46. The calcium oxalate crystals on the outer surface of the cocoon 
are able to trap most of the CO2 as hydrogen bonded bicarbonate on the surface and lead to 
unidirectional flow of CO2 from the inner to outer side of the cocoon. For other types of gas, 
such as O2, the flow through the cocoon wall is bidirectional. Horrocks et al. investigated 
humidity and water transfer properties of the B. mori, A. pernyi and Philosamia cynthia ricini 
(P. c. ricini) cocoons 48. Different layers constructed during the spinning process exhibit 
dissimilar transfer functions. The inner layer of the cocoon can maintain constant humidity 
inside the chamber while allowing gas and vapour exchange. The outer layer can prevent the 
water from flowing into the cocoon in order to supply a suitable dry condition for the pupa. 
Blossman-Mayer and Burggren studied the diffusion properties of oxygen and water vapour 
in the B. mori cocoon and suggested that the cocoon wall does not prevent the diffusion of 
either oxygen or water vapour 49.  
Silk cocoons are exposed to heat or radiation prior to reeling of the silk filament for textile 
processing. It is important not to have negative impacts on silk fibre properties during such 
treatment. From such a perspective, Avazov reported a mathematical model to calculate the 
temperature at different positions in the thickness directions of domestic silk cocoon shell B. 
mori exposed to IR radiation 50. The model considered heat absorption of cocoon and pupae, 
thermal conductivity of the cocoon wall, and the temperature gradient between cocoon walls 
and the inner and outer environment.  
Zhang et al. expanded this research to a wide range of wild species to examine and 
compare the mechanical and thermal properties of both domestic and wild silkworm cocoons 
5,6. They studied the microstructure and examined the thermal insulation properties of 
different types of silkworm cocoons and found that, the size and density of domestic B. mori 
and S. cynthia cocoons are smaller than the wild A. pernyi and A. mylitta. On the outer 
surface of S. cynthia, A. pernyi and A. mylitta cocoons, cubic mineral crystals were found on 
the silk fibre surfaces or stacked in the pores between the layers. These crystals have been 
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shown to be able to strengthen the structure of silkworm cocoons and affect the rate of gas 
diffusion in the cocoon wall. No crystals were found on the outer surface of B. mori cocoon.  
 The cocoons were transferred from ambient environment to an oven with higher 
temperature. Zhang et al found that with the increase of temperature outside the cocoons, the 
temperature inside the cocoons also increases. However, the temperature change inside the 
cocoons was slower than the outside, which indicates some level of thermal damping within 
the silkworm cocoons against sudden changes in outside temperature. In particular, the wild 
Chinese tasar silkworm A. pernyi cocoon exhibited a higher level of thermal buffer over the 
domesticated B. mori cocoon.  
To better understand the thermal properties of silkworm cocoon walls, the thermal 
conductivity, thermal resistance, thermal diffusivity and thermal absorptivity of the silkworm 
cocoon walls at the temperature of 7°C, 20°C, 27°C, 47°C, 67°C and 87°C were tested and 
compared. The thermal conductivity of these four types of cocoon walls was similar and the 
values were between 0.0106 Wm-1K-1 to 0.0653 Wm-1K-1. However, the thermal conductivity 
of crystals is much higher than the thermal conductivity of cocoon walls. The thermal 
resistance of the B. mori cocoon wall is the highest as it has the lowest density and the 
highest porosity. These tests were conducted under laboratory conditions with still air; 
however, the results may vary under windy conditions. The crystals can play an important 
role in maintaining thermal insulation under windy conditions. The thermal diffusivity of 
wild cocoon walls is much lower than the domestic cocoon walls due to the higher density of 
wild cocoon walls. The thermal absorptivity of the cocoon walls with crystals is higher, 
which results in cocoons that feel cooler to the touch. 
Silkworm cocoons also possess anti-bacterial and anti-fungal properties to make up the 
lack of antigen-antibody mediated immune system of silkworms 51,52. The sericin coated on 
the silk fibroin in the cocoons has been identified to have high UV absorption ability 40. 
The above results show that the wild cocoons have higher thermal stability to defend 
temperature and wind changes outside the cocoon; the cubic mineral crystals play a vital role 
in the thermal behaviour of wild silkworm cocoons, presumably due to the more stringent 
requirements for protection in the wild. This is also the reason why the A. pernyi silkworm 
cocoon was selected for research. Despite some mechanical and gas transfer work conducted 
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on the silkworm cocoons, the function of the cocoon as an interfacial heat transfer barrier 
remains unclear. 
2.2    Thermal comfort 
Thermal comfort is defined in the ANSI/ASHRAE Standard 55-2013 as “the condition of 
mind that expresses satisfaction with the thermal environments and is assessed by subjective 
evaluation” 53. Maintaining this standard of thermal comfort for humans is an important goal 
of engineers.  
Satisfaction with the thermal environment is important, because it has an impact on our 
productivity and health 54. People in the offices with high thermal comfort conditions have 
been shown to be more productive, while they are easy to get sick building syndrome (SBS) 
symptoms in the thermal discomfort conditions 55,56. Two people can both be thermally 
comfortable, even though they are in completely different thermal environments. Thus, 
thermal comfort is a matter of many parameters, such as the air temperature, relative 
humidity and the age of the person.  
Humans have a very effective regulatory system, which ensures the body’s core 
temperature is maintained at approximately 36.8 °C. The body’s core temperature must not 
vary by more than 0.5 °C for thermal comfort and -1 °C  to 3°C for health and survival 57,58. 
When the body is too hot, vasodilatation increases the blood flow through the skin and 
sweating will occur. Only a few tenths of a degree increase in the core body temperature can 
stimulate sweating. When the body is too cold, vasoconstriction reduces the blood flow 
through the skin and internal heat will be produced in the form of shivering. This system is 
very effective to control the core temperature of the body. Skin temperature is not constant 
and varies according to the position of the body and the ambient temperature. The absolute 
maximum and minimum values of the skin temperature are 45 °C and 4 °C, respectively 59.  
Thermal comfort is a condition to maintain an energy balance between the human body 
and their environment. In thermal comfort conditions, the rate of heat energy generation of 
the human body must be equal to the rate of heat energy loss. The energy balance between 
the human body and the environment, per unit body surface area, can be written as follows 60: 
ܵ ൌ ܯ െ ௞ܹ െ ܧ௖ െ ܧ௦௞ െ ܧ௥ሺʹ െ ͳሻ                
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where ܵ is the instantaneous energy balance of human body (under thermal equilibrium,ܵ ൌ
Ͳ);  ܯ is the metabolic rate, i.e. internal heat production of the body. Metabolic rate varies 
according to the activity performed, it is often measured in met (1 met = 58.15 W·m-2). When 
sleeping, the metabolic heat generation is about 40 W/ m2, whereas during extreme physical 
activity, the metabolic heat generation may be more than 600 W/ m2;  ௞ܹ is the external work, 
namely mechanical work performed by the human body; ܧ௖ is dry heat loss from the skin 
induced by conduction, convection and radiation; ܧ௦௞ is evaporative heat loss from the skin; 
ܧ௥ is the sensible respiration heat loss.  
The terms in equation (2-1) are expressed by unit area of body surface. To take into 
account the variations in the different sizes and shapes of people, many scholars have 
presented various equations 61-64, among which the most widely used is the Du Bois formula 
65: 
ܣ ൌ ͲǤͲͲ͹ͳͺͶ ൈܹ଴Ǥସଶହ ൈ ܪ଴Ǥ଻ଶହሺʹ െ ʹሻ 
where ܣ is the body surface area, ܹ is the body weight, and ܪ is the body height. 
In order to maintain the thermal comfort in different types of environmental conditions, 
protection materials,  in the form of shelter and clothing, are designed and produced. The 
total thermal and water vapour resistance of a clothing system is the complex integration of 
thermal and water vapour resistance of the garment and trapped air layers. They vary 
depending on the ways the garments are worn, body posture, body movement, and 
environmental conditions such as wind, rain and radiation.  
2.3    Development of research methods for heat and moisture transfer 
processes 
Coupled heat and moisture transfer in porous materials is a common phenomenon in 
engineering fields, such as civil engineering and functional textiles. Studies of such processes 
are essential for numerous application areas, for instance, heat and mass transfer in buildings 
66-68, air conditioning systems 69,70, wood drying 71, heat exchangers 72, transport in composite 
membranes 73, thermal insulation 74 and sugar production 75.  
Early models for moisture transport were focused on the analysis of porous soil. This 
pioneer work can be traced back to the 1850s when the Fick’s (1855) and Darcy’s laws (1856) 
CHAPTER TWO 
14 
were published, which were the first models to evaluate moisture transport. Fick's first law 
relates the diffusive flux to the concentration under the assumption of steady state. The law is: 
ܬ ൌ െܦ ߲߶߲ݔ ሺʹ െ ͵ሻ 
where ܬ is mass flow rate, ܦ is mass diffusivity, and ߶ is mass concentration.  
Darcy's law describes the flow of a fluid through a porous medium. The law is: 
ݍ ൌ െ݇ߤ ߘܲሺʹ െ Ͷሻ 
where ݍ is volume flux per unit area, ݇ is intrinsic permeability of medium, ߤ is dynamic 
viscosity of water vapour, and ߘܲ is pressure gradient vector.  
In the beginning of the twentieth century, Lewis 76 and Richards 77 developed moisture 
transport models for unsaturated porous media. 
Coupled heat and moisture transfer was firstly studied by Henry 78. In 1939, he proposed a 
system of differential equations, such as vapour diffusion equations and the thermal diffusion, 
to describe the coupled heat and moisture diffusion into bales of cotton. The equations of the 
model involved are the conservation of mass and energy. Since these equations are non-linear 
and complex, Henry derived an analytical solution by making a number of simplified 
assumptions.  
In 1948, Henry 79 extended  his research by proposing a mathematical model to describe 
coupled heat and moisture transfer processes in textiles. He derived an analytical solution by 
assuming a linear relationship between the moisture content and temperature, suggesting that 
fibres reach equilibrium with the adjacent air instantaneously. These assumptions lead to 
considerable errors in certain circumstances and therefore limited the application of the 
model. 
In 1958, Downes and Mackay 80 studied the sorption of water vapour by wool 
experimentally. They found that the sorption process can be divided into two stages, i.e. the 
interval and integral sorption. The process of interval sorption obeys Fick’s law of diffusion 
with a concentration-dependent diffusion coefficient. The process of integral sorption is much 
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slower because of the structural changes within fibres that cause the low final value of the 
diffusion coefficient.  
In 1967, Nordon and David 81 simulated the two stage-sorption process, which was found 
by Downes and Mackay 80. They proposed an exponential function to describe the changing 
rate of fibre water content that can be adjusted according to the different fabric moisture 
content. 
In 1969, in order to model the two-stage sorption process of wool fibres, David and 
Nordon 82 assumed that no shrinking or expansion happens during the moisture sorption or 
desorption process and proposed an exponential relationship between moisture concentration 
and temperature distribution in wool beds. They were able to solve the model numerically. 
However, they neglected to account for the sorption mechanisms of fibres and the coefficient 
in the sorption rate equations had to be determined by comparing theoretical predictions with 
experimental results. Some directions for extending the two stage-sorption model were 
pointed out, such as studying sorption-desorption kinetics in textiles and the relationship 
between the wool-water isotherm and temperature. 
In 1981, Ogniewicz and Tien 83 analysed the coupled heat and moisture transfer with 
condensation in porous medium. They assumed that the effect of condensation due to the 
release of latent heat, played an important role in the heat transfer process and the condensate 
is in a pendular state. Three dimensionless parameters, i.e. the Peclet number, the Lewis 
number and the Biot number, were pointed out as the standard parameters to evaluate the 
effects of the porous medium properties. This quasi-steady-state model was later developed  
to consider mobile condensates 84 and the unsteady heat and moisture transport process 85. 
In 1986, Farnworth 86 presented the first numerical model describing coupled heat and 
moisture transfer with sorption and condensation through clothing. It was assumed that the 
temperature and moisture content in each clothing layer were uniform, which did not consider 
the complexity of the moisture-sorption isotherm and the sorption kinetics of fibres. 
Mota-kef and El-Masri 84 analysed one-dimensional coupled heat and mass transfer with 
phase change in a porous slab. Both immobile and mobile condensates were considered. They 
found that the steady state corresponds to immobile condensate where the condensate is 
accumulated linearly with time. The quasi-state condition corresponds to mobile condensate 
where the condensates diffuse toward the wet zone boundaries as liquid and re-evaporate at 
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these boundaries, leaving temperature, vapour concentration and liquid content profiles 
changing with time. 
In 1990, Shapiro and Motakef 85 further analysed unsteady heat and moisture transport 
processes with phase change in an open pore slab and compared the analytical and 
experimental results for mobile and immobile condensates. The three processes: moisture 
diffusion, condensation motion and heat transfer, were considered to be coupled through the 
condensation rate, which could be measured by the value of the diffusion coefficient of the 
condensate. This analysis is valid when the time span for the motion of the dry-wet boundary 
in porous media is much larger than the time span of the thermal diffusion; however, this was 
not the case with frost and low moisture accumulation 87. 
In 1995, Murata 88 investigated the heat and moisture transfer with condensation in a 
fibrous insulation slab, the temperature of hot surface of which was up to 100 ° both 
theoretically and experimentally. It was the first time that the condensate falling was 
considered under gravity. Murata presented a steady-state model to analyse this phenomenon. 
The effect of gravity on the movement of liquid consideration was further analysed in the 
heat and mass transfer in porous textiles by assuming that liquid water is driven by capillary 
action with phase change and gravitational force 89. 
In 1999, Li and Luo 90 presented an improved two-stage model which took into account a 
unified diffusion equation with two sets of variable diffusion coefficients to simulate the 
coupled diffusion of the moisture and heat in wool fabric. A moisture content-dependent 
coefficient was used in the first stage and a time-dependent coefficient was used in the 
second stage. The direct finite difference method was used to solve the diffusion equation 
numerically. However, these studies only focused on wool fabric. The features and 
differences in the physical mechanisms of coupled moisture and heat diffusion into fabrics 
made from different fibres were not systematically investigated. 
In 2000, Li and Luo 91 presented a mathematical simulation to study the physical 
mechanisms of moisture diffusion into hygroscopic fabrics during humidity transients. In 
order to further expand their previous study 90, numerous fibres such as cotton, acrylic 
polyester and polypropylene were used to obtain experimental data to validate the model. 
When a porous medium is bound by an impermeable surface, the porosity and hence the 
permeability will increase near the surface, which can be called the variable permeability 
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effect. Rees and Pop 92 investigated how the phenomenon of this effect can affect the heat 
and mass transfer process by assuming that the region of varying permeability has constant 
thickness. 
Fan et al. 93 developed a model of heat and mass transfer with sorption and condensation in 
porous materials. In this model, the dynamic changes in temperature, moisture concentration, 
sorption and water accumulation as well as the effect of water content on the effective 
thermal conductivity were considered. Heat transfer by conduction and radiation was also 
considered. Convective heat transfer was not considered because negligible convective heat 
transfer was visible in fabrics from the experimental results. 
In 2004, Cheng and Fan 94 reported an improved model that took into account the coupled 
heat and moisture transfer processes with phase change and mobile condensates in fibrous 
materials. The moisture movement was attributed to factors such as the partial water vapour 
pressure, a super saturation state in condensing region, the dynamic moisture absorption of 
fibrous materials and the movement of liquid condensates, which can affect the coupled heat 
and moisture transfer processes.  
In 2007, Li and Fan 95 investigated the transient heat and moisture transfer behaviour in 
clothing insulation made of fibrous battings and fabric coverings by considering the effects of 
condensate on the porosity and permeability of fibrous battings. The finite-volume method 
(FVM) was applied in the solution of this model.  
In 2012, Fan and He 96 proposed a fractal derivative model for a complex air permeability 
process in hierarchic space, for the first time. This fractal derivative model was able to 
explain the novel air permeability phenomenon of cocoon from the theory, which benefited to 
the bio-mimic design, such as biomaterial functional textiles.  
Up to now, more and more heat and moisture transfer processes were simulated by 
numerical methods, the optimal design of products were benefitted considerably from the 
findings of novel heat and moisture transfer characteristics from those modelling results. For 
example, a new micro channel heat sink with micro mixer was designed based on the 
simulation of its typical heat transfer process 97; the heat and mass transfer of supercritical 
hydrocarbon fuel with pyrolysis in mini-channel was simulated and a chemical reaction 
boundary in the region adjacent to the wall was found 98. 
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2.4    Fundamentals of heat and mass transfer through porous materials 
2.4.1    Simple system 
On a microscopic scale, a porous material is a body consisting of many solid matrices with 
different shape, size and random distribution and therefore many empty spaces (pores) exist 
between the solid matrices. Some pores are interconnected and others are disconnected 36. 
These pores are filled with gas or liquid or both. As a result, a porous material can be seen as 
a two-phase (gas-solid or liquid-solid) or three-phase (gas, liquid and solid) mixture. Heat 
and mass flux can transfer through porous materials (Figure 2-3). 
 
Figure 2-3 Heat and mass flux through porous materials 
Heat flow through a porous material induces moisture flow, and the moisture flow can then 
affect the heat flow through condensation, evaporation and freezing, as well as the transport 
of heat with vapour and liquid water 99. As a result, heat transfer and moisture transfer 
interact with each other and they must be treated simultaneously in the heat and moisture 
transfer processes. 
2.4.2    Heat transfer process through porous material 
Many mechanisms can be involved in heat transfer through porous materials, such as 
thermal conduction, thermal convection, thermal radiation and latent heat transfer by phase 
changes. Each mechanism has its own characteristics, but these mechanisms often occur 
simultaneously during the same heat transfer process. 
Heat and mass flux Heat and mass flux
Gas
Solid Liquid
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2.4.2.1    Thermal conduction 
Thermal conduction is the process of heat transfer across a stationary medium, either solid 
or fluid. When the temperature of an object is different from another object, heat flow occurs 
so that two objects reach the same temperature, at which point they are in thermal equilibrium. 
Such spontaneous heat transfer occurs from an object with higher temperature to another 
object with lower temperature, as described by the second law of thermodynamics. The 
transfer of energy by conduction can only occur when there is physical contact between 
objects. 
On a microscopic scale, heat is transferred by conduction when adjacent atoms vibrate 
against one another, or as electrons move from one atom to another. Solids are more 
conductive than fluids and gases. 
Fourier’s law is used to describe the process of thermal conduction. It shows that the 
transfer of energy across the unit cross-section area by thermal conduction in unit time is 
directly proportional to the rate of temperature change along the direction perpendicular to 
the cross-section. Fourier’s law is expressed by Equation (2-5), 
Ȱ ൌ െߣܣ߲߲ܶݔ ሺʹ െ ͷሻ 
where Ȱ is conductional heat flux, ߣ is effective thermal conductivity, ܶ is temperature, and x 
is the coordinate axis perpendicular to area ܣ. 
In a Cartesian coordinate system, differential equation of thermal conduction is expressed 
by Equation (2-6a) 100, 
ߩܿ௣
߲ܶ
߲ݐ ൌ ߣ݀݅ݒሺ݃ݎܽ݀ܶሻ ൅ Ȱሶ ሺʹ െ ͸ܽሻ 
where ߩ  is mass concentration, ܿ௣  is effective heat capacity, ݀݅ݒሺ݃ݎܽ݀ܶሻ is the Laplace 
operator of temperatureߘଶܶ , and Ȱሶ  is inner heat source. When ߩܿ௣  is constant, thermal 
diffusivity ܽ is introduced as  ఒఘ௖೛ . Then  
߲ܶ
߲ݐ ൌ ܽߘ
ଶܶ ൅ Ȱሶߩܿ௣ ሺʹ െ ͸ሻ 
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2.4.2.2    Thermal convection 
Thermal convection is the process of heat transfer from one place to another by the motion 
and mixing of fluids. Due to the cause of thermal convection, it can be classified as natural 
thermal convection and forced thermal convection. The natural thermal convection is a term 
used when this motion and mixing is caused by buoyancy forces due to density variations 
arising from temperature difference within the fluid. The forced thermal convection is a term 
used when this motion and mixing is caused by external means such as fans and pumps. In 
addition, all thermal convection processes move heat partly by diffusion. 
It is more difficult to analyse heat transfer by thermal convection than by thermal 
conduction, since heat transfer by thermal convection varies upon flow conditions. Four main 
methods have been used to analyse heat transfer by thermal convection including analytical, 
experimental, analogy and numerical methods. The experimental method is used more widely 
in practice. 
The rate of heat transfer by thermal convection can be calculated by (2-7), 
ܳ ൌ ݄ ή οܶሺʹ െ ͹ሻ 
where ܳ is rate of convectional heat transfer; ݄ is the convective thermal transfer coefficient, 
which is dependent on the physical properties of the fluid and the physical condition. 
Typically, the convective thermal transfer coefficient for laminar flow is relatively low 
compared to the convective thermal transfer coefficient for turbulent flow. The convective 
thermal transfer coefficient can be affected by many factors such as thermal conductivity ( ߣ ), 
viscosity (ߤ), density (ߩ), specific heat (ܿ௣), geometry (ܦ), position (ݔ), temperature change 
(߂ܶ) and flow velocity (ݑ) 100. 
݄ ൌ ݂൫ߣǡ ߤǡ ߩǡ ܿ௣ǡ ܦǡ ݔǡ ߂ܶǡ ݑ൯ሺʹ െ ͺሻ 
2.4.2.3    Thermal radiation 
Thermal radiation is the process of heat transfer to or from an objective by means of 
emission or absorption of photons in electromagnetic waves. Because the photons in 
electromagnetic waves require no medium for their propagation, the radiative energy can be 
transferred through vacuum. 
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The emissive power of black body follows Stefan-Boltzmann’s law, which is  
ܧ௕ ൌ ߪܶସሺʹ െ ͻሻ 
where ܧ௕ is the emissive power of black body; ߪ is Stefan-Boltzmann constant which equals 
to 5.6705×10-8 ݓȀሺܭସ ή ݉ଶሻ. 
2.4.2.4    Latent heat 
When the state of matter changes, i.e. phase transition from water to ice, from water to 
steam, from steam to water, or from ice to water, the heat is released or absorbed by a body or 
a thermodynamic system during a constant temperature process. This kind of heat is called 
latent heat 101.  
The latent heat for a given mass of a substance is calculated by (2-10) 
ܳ ൌ ݉ܮሺʹ െ ͳͲሻ 
where Q is the amount of energy released or absorbed during the change of phase of the 
substance; m is the mass of the substance; L is the specific latent heat for a particular 
substance. 
2.4.3    Moisture transfer process through porous materials 
Moisture in porous materials can be present as vapour, water or ice, respectively. The 
moisture which can be transferred through porous material is mostly vapour, water or both. 
There are four moisture transfer mechanisms which can affect the moisture transfer process 
through porous material, such as moisture convection, moisture diffusion, liquid transport due 
to the differences in capillary suction stress and liquid transport due to gravity force 102. The 
structure of the porous material and the environmental conditions affect the forms of moisture 
transport. Water vapour transport is due to the gradients of partial vapour pressure and moves 
from a high pressure to a low pressure region under pressure difference 103. Gas is considered 
as water vapour bulk flow 104,105. Although the density of water vapour is small, the volume 
flow rate is large under certain pressure differences. In a more rigorous analysis of the 
physical process that occurs in porous material, the presence of moisture implies additional 
mechanism of transport: in the unsaturated pores, liquid water evaporates at the warm side, 
absorbing latent heat of vaporization; In the meantime, due to the vapour-pressure gradient, 
vapour condenses at the coldest side of the pore, releasing latent heat of vaporization. The 
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latent heat transport can cause great discrepancies on the temperature and humidity values 
inside of cocoon 106. 
2.4.3.1    Moisture diffusion  
When the fluid is composed of two or more than two components and there exists 
concentration gradient, each component will move towards the lower concentration direction 
in order to reduce the difference. Concentration gradient is the driving force of moisture 
diffusion. For example, clothes are dried in the breezeless surrounding due to the moisture 
diffusion, which belongs to the mass transfer phenomenon of the air-vapour mixture. 
The concentration of each component is expressed by mass concentration ߩ and amount-
of-substance concentration ܿ. 
ߩ஺ ൌ
݉஺
ܸ ǡ ߩ஻ ൌ
݉஻
ܸ ሺʹ െ ͳͳሻ 
ܿ஺ ൌ
݊஺
ܸ ǡ ܿ஻ ൌ
݊஻
ܸ ሺʹ െ ͳͳܾሻ 
where ݉஺ and ݉஻ are the quality of component A and B in the volume V of mixture; ݊஺ and 
݊஻ are the amount-of-substance of component A and B in the volume V of mixture. 
Component A and component B are separated at the different sides of the container (Figure 
2-4). When the clapboard is removed, component A and component B will diffuse due to the 
concentration gradient. Fick’s law can be used to calculate the transferred quality and 
amount-of-substance by diffusion at unit area perpendicular to the diffusion direction in unit 
time. 
ܯ஺ ൌ െܦ஺஻
߲ߩ஺
߲ݔ ሺʹ െ ͳʹሻ 
஺ܰ ൌ െܦ஺஻
߲ܿ஺
߲ݔ ሺʹ െ ͳʹሻ 
where ܯ஺ is the mass flux density; ஺ܰ is the amount of substance flux density; ܦ஺஻  is the 
mass diffusivity, the subscript AB indicates that component A diffuses to component B. 
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Figure 2-4 Inter diffusion of component A and component B 
The mass diffusivity D is a physical parameter which can be affected by the property, 
pressure and temperature of the mixture. It shows the diffusion ability of material. For gas, 
the mass diffusivity ܦ଴ is known under the conditions of known temperature ଴ܶ and known 
pressure ଴ . The mass diffusivity ܦ at temperature ܶ  and pressure ݌ can be estimated by 
Equation (2-13). 
ܦ ൌ ܦ଴ ൬
ܶ
଴ܶ
൰
ଵǤହ ݌଴
݌ ሺʹ െ ͳ͵ሻ 
When the moisture is transferred in the porous material, the size of the pore in the porous 
material affects the transfer process. Based on the relationship between the scale length of the 
pores in the porous material and the mean free path of the particles involved, the diffusion 
can be divided into Fickian diffusion, Knudsen diffusion and Transition diffusion.  
In physics, the mean free path is the average distance a particle travels before colliding 
with another particle. It can be calculated by (2-14) 107, 
ߣҧ ൌ ݇஻ܶξʹߨ݀ଶ݌ሺʹ െ ͳͶሻ 
where ݇஻ is the Boltzmann constant 108 with the value of ͳǤ͵ͺͲ͸Ͷͺͺሺͳ͵ሻ ൈ ͳͲିଶଷܬȀܭ. 
Fickian diffusion occurs when the pore size is relatively long compared to the mean free 
path which is shown in Figure 2-5 109. Under this condition, the particle is more probable to 
collide with another particle than to collide with the wall of the channel.  
A B
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Figure 2-5 Fickian diffusion in porous material 
The transferred quality and amount-of-substance by diffusion at unit area perpendicular to 
diffusion direction at unit time in porous material can be calculated by (2-15) 
ܯ஺ ൌ െܦ௣
߲ߩ஺
߲ݔ ሺʹ െ ͳͷሻ 
஺ܰ ൌ െܦ௣
߲ܿ஺
߲ݔ ሺʹ െ ͳͷሻ 
where ܦ௣ is the effective mass diffusion coefficient.  If ܦ is used to express the diffusion in 
porous material, the adjustment of ܦ is needed. For example, saline solution is stored in the 
gap of porous solid (Figure 2-6). The concentration of salt at boundary 1 is ܥ஺ଵ , the 
concentration of salt at boundary 2 is ܥ஺ଶ and ܥ஺ଵ ൐ ܥ஺ଶ. Salt molecules therefore diffuse 
from boundary 1 to boundary 2 through the water. During the diffusion process, the path of 
salt molecules is not straight but tortuous because of the solid matrix. The distance travelled 
by salt molecules is longer than ሺݔଵ െ ݔଶሻ and supposed to be ሺݔଵ െ ݔଶሻ ൈ ߬, where ߬ is the 
effective tortuosity. On the other hand, when the salt molecules diffuse in the porous solid, 
the area of diffusion is not the total sectional area. The porosity ߝ should be considered. 
Therefore, ܦ௣ can be calculated by (2-16), 
ܦ௣ ൌ
ߝܦ
߬ ሺʹ െ ͳ͸ሻ 
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Figure 2-6 Saline solution in porous solid 
Knudsen diffusion occurs when the pore size is relatively short compared to the mean free 
path that is shown in Figure 2-7 110. Under this condition, the particle is more probable to 
collide with the wall of the channel than to collide with another particle. The diffusion 
resistance therefore mainly depends on the colliding resistance between the wall and the 
particle. Obviously, Knudsen diffusion does not follow Fick’s law. 
 
Figure 2-7 Knudsen diffusion in porous material 
Transition diffusion occurs when the pore size is similar to the mean free path which is 
shown in Figure 2-8 111. Transition diffusion has characteristics of both Knudsen and Fickian 
diffusion and is significantly affected by them.  
 
Figure 2-8 Transition diffusion in porous material 
xx1 x2
CA1
CA2
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When the pressure is 1013 mbar and the temperature is 20 °C, the mean free path of the air 
is 68 nm which is much smaller than the gap between two adjecent silk fibres 112. For this 
reason, the mositure transfer process by diffusion in a cocoon is Fickian diffusion.  
2.4.3.2    Moisture convection 
Convection is the concerted, collective movement of ensembles of molecules within fluids 
(e.g., liquids, gases). It is mass exchange that occurs in the interphase boundary (Figure 2-9). 
Convection of mass cannot take place in solids, since neither bulk current flows nor 
significant diffusion takes place in solids. The transferred mass can be calculated by the 
functions which are similar to Newton’s law of cooling 113. 
ܯ஺ ൌ ݄௠൫ߩ஺ǡ௪ െ ߩ஺ǡ௙൯ሺʹ െ ͳ͹ሻ 
஺ܰ ൌ ݄௠൫ܿ஺ǡ௪ െ ܿ஺ǡ௙൯ሺʹ െ ͳ͹ሻ 
where ߩ஺ǡ௪ and ܿ஺ǡ௪ are the mass concentration and amount of substance concentration of 
component A at the interphase boundary; ߩ஺ǡ௙  and ܿ஺ǡ௙  are the mass concentration and 
amount of substance concentration of component A in the main fluid; ݄௠ is the convective 
mass transfer coefficient. 
 
 
Figure 2-9 Example of mass transfer by convection 
The convective mass transfer coefficient is affected by many different factors 114-116, i.e. 
the reasons and the properties of the flow, the physical properties of the fluid, the geometrical 
feature of the surface of flow channel. 
2.4.3.3    Capillary effect 
Capillary action is the ability of a liquid to flow in narrow spaces due to the difference 
between the cohesion force and the adhesive force, and in opposition to external forces such 
as gravity. For example, the water absorbed by the root of the plant can rise in the stem due to 
Air Evaporation of water
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the capillary effect. When the adhesive force between liquid and the “space” is larger than the 
cohesion force, capillary action occurs. Capillary effect can strongly affect the moisture 
transfer process in the porous material 117. 
Capillarity is usually used to express capillary. When the bottom of a thin glass tube is 
located in the water vertically, the liquid level in the tube rises and is higher than the liquid 
level outside the tube. Because of the adhesion force between the water and the wall of the 
tube, the liquid level outside is higher than the liquid level in the centre. The smaller the tube 
diameter, the higher the liquid rises.  
In other groups of liquid and solid such as  the glass tube and the mercury, the situation can 
be the opposite. Because the cohesion force among the mercury atoms is larger than the 
adhesive force between mercury and glass wall, the liquid level of mercury in the centre is 
higher than the liquid level of mercury around (Figure 2-10). 
 
Figure 2-10 The capillary effect of water and mercury 
The height ܪ of a liquid column is given by 118: 
ܪ ൌ ʹߛܿ݋ݏߠߩ݃ݎ ሺʹ െ ͳͺሻ 
where ߛ is schrage correction factor; ݎ is radius of tube.  
when ߠ ൐ ͻͲι, the liquid level is convexity; when ݄ ൏ Ͳ, the fluid drops in the capillary 
like the mercury in the glass tube. 
2.4.3.4    Gravity effect 
Gravity is the force of attraction between all masses 119. Due to the force of attraction by 
the earth, the objects on the earth can be wighted and have tendency to fall down to the 
ground. The water in porous materials can also be affected by the gravity. “Every particle in 
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the universe attracts every other particle with a force that is directly proportional to the 
product of their masses and inversely proportional to the square of the distance between them” 
120. If the masses of two particles are ݉ଵ , ݉ଶ respectively, and the distance between the two 
particles is ݎ, the universal gravitation ܨ can be calculated by (2-19), 
ܨ ൌ ܩ݉ଵ݉ଶݎଶ ሺʹ െ ͳͻሻ 
ܩ is the gravitational constant, and ܩ ൌ ͸Ǥ͸͹͵ͺͶ ൈ ͳͲିଵଵ݉ଷȀሺ݇݃ ή ݏଶሻ 108  
2.5    The finite-volume method  
Numerical calculation can be used to solve the partial differential equation which describes 
physical phenomenon including fluid flow and heat transfer processes. There are many 
numerical methods to solve these problems including the finite-difference method 121, the 
finite-element method 122, the finite-volume method 123, the boundary-element method 124, 
characteristics method 125, spectral method 126, finite analytic method 127, lattice class method 
128 and so on. Each method has its suitable applications and the first four methods are widely 
used. In the numerical calculation of this thesis, the finite-volume method is applied.  
The finite-volume method is developed from the finite-difference method and is similar to 
the finite-element method. The finite-volume method uses the integral form of the 
conservation equations as its starting point. For example, the starting point of the finite-
volume method discrete equations for one dimensional steady state convection-diffusion 
equation is: 
඲ ݀݀ݔ ሺߩݑ߮ሻܸ݀ ൌ න
݀
݀ݔ ൬߁
݀߮
݀ݔ൰ܸ݀௏௏
ሺʹ െ ʹͲ 
The solution domain is subdivided into a finite number of contiguous control volumes that 
are employed by the conservation equations. The variable values are to be calculated at a 
computational node which lies at the centroid of each control volume. The usual approach of 
defining control volumes is to make a suitable grid and to assign the computational node to 
the centre of control volume. Figure 2-11 shows one type of finite-volume grids. Nodes on 
which boundary conditions are applied are shown as full symbols in this Figure. 
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Figure 2-11 An example of finite-volume grids with nodes centred in the control volumes 
Figures 2-12 and 2-13 show the typical 2D and 3D Cartesian control volumes. Four (2D) 
or six (3D) plane faces locate around the control volume surface, denoted by lower case 
letters corresponding to their direction (e, w, n, s, t and b) with respect to the central node (P). 
 
Figure 2-12 A typical control volume used for a Cartesian 2D grid 
 
Figure 2-13 A typical control volume used for a Cartesian 3D grid 
The finite-volume method can accommodate any type of grid, therefore it is suitable for 
complex geometries. Furthermore, all terms that need to be approximated in the finite-volume 
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method have physical meanings, which is necessary in the numerical calculation of fluid flow 
and heat transfer. 
Compared with finite-difference method, the disadvantage of finite-volume method is that 
much more calculation is needed especially for 3D model. 
2.6    Summary 
In summary, this literature review covers five main sections.  
The first section focuses on the characteristics of silkworm cocoons. The formation of 
silkworm cocoons and the properties of silk fibres were introduced firstly. In particular, the 
difference of thermal conductivity in different fibre type and in different direction of the same 
fibre was explained. The thermal conductivity in axial direction is higher than the thermal 
conductivity in radial direction, because the heat can be conducted easily in the 
macromolecular chain direction, but not in the direction perpendicular to the 
macromolecular chain. The heat is conducted by molecular collision in the radial direction, 
which decreases the rate of thermal conduction. The wild silkworm cocoons exhibit excellent 
thermal insulation properties that are much superior to domestic cocoons. In the past, a few 
researchers studied the different properties of silkworm cocoons, such as the mechanical 
strength and gas control properties; however, no research has been carried out to study why 
and how the wild cocoons provide such a high level of thermal insulation. This work will, for 
the first time, tackle this important research question.  To be able to investigate the thermal 
function, the structure details of the cocoon wall were explored firstly.  
The second section of the review focuses on the importance of the thermal comfort. The 
thermal comfort environment is a condition to maintain the human in neither warmer nor 
cooler feeling. Satisfaction with the thermal environment is important, because it has an 
impact on our productivity and health. In order to maintain the thermal comfort of human in 
different types of environmental conditions, the relevant protections should be provided.  
The third section of the review focuses on the development of methods for researching the 
coupled heat and moisture transfer process. Many studies of coupled heat and moisture 
transfer processes in porous materials have been carried out with broad application areas. 
Since Henry firstly researched this phenomenon in 1939, the coupled heat and moisture 
transfer process has been researched for more than 70 years. During that long period, many 
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research methods have been developed and a much better understanding of this transfer 
process has been achieved. 
The forth section of the review focuses on the fundamentals of heat and moisture transfer 
through porous materials since the cocoon wall is also a kind of porous materials. The factors 
that affect the heat and moisture transfer through porous materials were presented in detail. 
The heat transfer process is affected by thermal conduction, convection, radiation and the 
latent heat caused by the phase change; the moisture transfer process is affected by moisture 
diffusion, convection, generation of water vapour caused by the phase change, the capillary 
effect and the gravity effect.  
The finite-volume method, which can solve the partial differential equations, is introduced 
in the fifth section of the review, since the partial differential equations are used in the energy 
and mass conservation equations that apply to the heat and moisture transfer process through 
the silkworm cocoon.   
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Chapter 3 Materials and methods  
3.1    Materials 
Two silk cocoon varieties, the domestic B. mori and the wild A. pernyi cocoons were used 
in this investigation. The wild A. pernyi cocoons were collected from Northeast China, and 
the domestic B. mori cocoons were obtained from the Physics Laboratory of National 
University of Singapore. Some A. pernyi cocoons were demineralized to remove the mineral 
crystals from the outer surface. A 0.1M aqueous solution of ethylenediaminetetraacetic acid 
(EDTA) disodium salt was prepared for demineralisation. The samples (1g cocoon per 100 
ml) as suspending solids were immersed in this solution and gently stirred for an hour at 
40°C. 
3.2    Experimental methods 
3.2.1    Temperature monitoring under windy conditions 
In the experiments of the heat transfer process through the cocoons, the B. mori and A. 
pernyi cocoons were tested in an artificial air flow environment. The artificial air flow was 
created using an electric fan (DC12V, 0.2A) and a connected duct (a plastic tube with the 
same diameter as the fan). Details of the ventilation system are shown in Figure 3-1. The fan 
and the duct were connected by a hollow cap between them. In the middle surface of the duct, 
a hole with a diameter of 25 mm was made to place the cocoons and the hot – wire 
anemometer inside. To keep the ventilation system steady, two wooden holders were 
designed and installed. The experimental set-up is shown in Figure 3-2. The cocoons were 
translocated from ambient environment to the centre of the duct through a hole on the bottom, 
while this ventilation system was situated in an oven (Binder, Figure 3-3a) with an isothermal 
setting of 45 ºC or in a fridge (Thermo scientific, Figure 3-3b) with an isothermal setting of 
2 °C to simulate both warm and cold conditions. The electric fan was driven by a power 
source (Powertech™ MP 3081 DC power supply, 0~30V, 0~3A) and the wind velocity was 
adjusted by changing the voltage output. Two needle-type temperature probes (a sap flow 
meter from ICT International Pty. Ltd, i.e. ICT SFM) 6 were used to measure the temperature 
both inside and outside the cocoons. Each temperature probe is 1.3 mm in diameter and 35 
mm in length, with two sensors located 15 mm apart (one of the sensors is 7 mm distant from 
the needle tip). The temperature probe outside was located about 10 mm away from the 
cocoon surface. The wind velocity was measured by a hot – wire anemometer (TES-1341). 
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For every type of cocoon, three samples were tested for each measurement and the standard 
deviations were indicated in the graphs as error bars.  
 
Figure 3-1 The details of the ventilation system (unit: mm) 
 
Figure 3-2 The experimental set-up for thermal property measurement of silkworm cocoons 
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Figure 3-3 Photos of (a) the oven and (b) the fridge used for temperature monitoring 
3.2.2    Moisture resistance testing 
The moisture transfer through cocoons was characterised in a chamber with temperature 
and humidity control (ESPEC, Model 306-421, HUDSONVILLE, MICHIGAN, USA) as 
shown in Figure 3-4a. The cocoon wall piece was attached to one side of a cylindrical plastic 
bottle (Figures 3-4b and 3-4f). The bottom of the bottle was ground off with 600 grit silicon 
carbide abrasive paper. The other side of the bottle was connected to a cap, in which a hole 
was drilled through to lead the humidity sensor into the bottle. The gap between the hole and 
the cable for humidity sensor is filled with waterproof material. The cocoon wall samples 
were obtained from the middle parts of the cocoons and kept flat when attaching to the bottles 
(Figures 3-4f). The height of the bottles is 37 mm, the external diameter of the bottles is 24 
mm and the thickness of the bottle wall is 1 mm. 
A schematic of the experimental set-up to study the moisture transfer process is shown in 
Figure 3-4e. Three fabricated bottles were placed in the environmental chamber, in which the 
relative humidity measurements were conducted under certain temperature and wind velocity. 
The relative humidity levels inside and outside the bottles were measured by the sensors 
SHT71 (Figure 3-4d) combined with the evaluation kit EK-H4 (Figure 3-4c) (Sensirion AG).  
The experiments were conducted under a silent surrounding condition (the air velocity was 
set to be less than 0.3 m/s), which was monitored by a hot – wire anemometer (TES-1341). 
The pores in the cocoon wall are much larger than the mean free path of the moist air 112; 
therefore the primary mechanism of water vapour transmission is Fickian diffusion through 
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the porous material under a partial pressure gradient. The relative humidity in the chamber 
was varied under the same temperature condition. When the relative humidity outside the 
bottle was higher than that inside the bottle, the moisture diffused from the cocoon exterior to 
the interior; otherwise, the moisture diffused in the opposite direction.  
Four relative humidity sensors and three bottles were used in the same test; three sensors 
were used to record the relative humidity and temperature inside the bottles, one sensor was 
used to record the surrounding relative humidity and temperature.   
 
Figure 3-4 Photos of experimental equipment and schematic experimental set-up. (a) 
Environmental chamber ESPEC; (b) Bottles for testing; (c) The evaluation kit EK-H4; (d) 
Sensor SHT71; (e) The schematic experimental set-up; (f) Front view of the cocoon wall 
connected to the bottle  
Water vapour transmission and water vapour permeability were used to analyse the 
moisture transfer properties of cocoon walls. 
Water vapour transmission (WVT) is a measure of the passage of water vapour through a 
material per unit area per unit time. The WVT was calculated according to Equation (3-1) 129:  
ܹܸܶ ൌ οܩοݐ ή ܣሺ͵ െ ͳሻ 
where οܩ is the water vapour mass transfer; οݐ is the time between ݐଵ and ݐଶ , at which οܩ 
occurred, οݐ ൌ ݐଶ െ ݐଵ; ܣ is the test area. 
Under the experimental conditions, οܩ was calculated according to the moisture content 
change in the bottle, as shown in Equation (3-2): 
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οܩ ൌ ߩܸ ή ൬ ݀ଶ ή ͳͲͲͲͳͲͲͲ ൅ ݀ଶ െ
݀ଵ ή ͳͲͲͲ
ͳͲͲͲ ൅ ݀ଵ൰ሺ͵ െ ʹሻ 
where ߩ is the density of moist air; ܸ is the volume of the bottle interior, ܸ ൌ ܣ݄; ݄ is the 
height of the bottle interior; ݀ଵ and ݀ଶ are the moisture content at time ݐଵ and ݐଶ. Since ݀ is 
much less than 1000 g/kg, Equation (3-2) can be converted to Equation (3-3).  
οܩ ൌ ߩܸ ή ሺ݀ଶ െ ݀ଵሻሺ͵ െ ͵ሻ 
The relationship between relative humidity and moisture content is 130  
݀ ൌ ͸ʹʹ ߮݌௦݌ െ ߮݌௦ ሺ͵ െ Ͷሻ 
where ߮ is the relative humidity; ݌ is the pressure of moist air; ݌௦ is the saturation pressure of 
the corresponding water vapour.  
Combined Equation (3-1), Equation (3-3) and Equation (3-4),  
ܹܸܶ ൌ οܩοݐ ή ܣ ൌ 
ߩܸ ή ሺ݀ଶ െ ݀ଵሻ
οݐ ή ܣ ൌ 
ߩܸ ή ቀ͸ʹʹ ߮ଶ݌௦ଶ݌ െ ߮ଶ݌௦ଶ െ ͸ʹʹ
߮ଵ݌௦ଵ݌ െ ߮ଵ݌௦ଵቁ
οݐ ή ܣ
ൌ ͸ʹʹߩ݄݌ ή ሺ߮ଶ݌௦ଶ െ ߮ଵ݌௦ଵሻሺݐଶ െ ݐଵሻሺ݌ െ ߮ଶ݌௦ଶሻሺ݌ െ ߮ଵ݌௦ଵሻሺ͵ െ ͷሻ 
where ߮ଵ and ߮ଶ are the relative humidity at time ݐଵ and ݐଶ; ݌௦ଵ and ݌௦ଶ are the saturation 
pressure of the corresponding water vapour at time ݐଵ and ݐଶ.  
Water vapour permeability (WVP) is a measure of material’s ability to transfer water 
vapour. The WVP was calculated by the following equation 131:  
ܹܸܲ ൌ ܹܸܶ ݔο݌ሺ͵ െ ͸ሻ 
where ݔ is the cocoon wall thickness; ο݌ is the difference in water vapour partial pressure 
across the cocoon wall.  
Comparing with WVT, the thickness of the material and the surrounding conditions are 
considered in the WVP. 
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3.2.3    Moisture regain testing 
The hydroscopicity of the cocoons was tested in accordance with Standard ASTM D2494-
13. The samples were located in the oven with temperature setting of 100 °C. Each sample 
was weighed every hour until the weight difference between two weightings was less than 
2%. And then, the samples were translocated to a conditioned lab with temperature of 
20±2 °C and humidity of 65±2 %. After 48h, the weight of samples was measured. The 
schematic diagram is shown in Figure 3-5. Three samples for each type of cocoon were used 
in the experiments and the standard deviations were indicated in the graphs as error bars.  
 
Figure 3-5 The schematic diagram of moisture regain testing 
3.2.4    Porosity of the cocoon wall 
The porosity is a measure of the volume of the pores divided by the total volume, which is 
between 0 and 1. The porosity of the cocoon wall can be measured by making use of a 
pycnometer, a balance and two types of solvents in which the cocoon wall is wettable and 
non-wettable. This method is based on the fact that the solvent that can wet the cocoon wall 
will penetrate its pores and the solvent that cannot wet the cocoon wall will not penetrate its 
pores. In the measurements, 1-butanol from SIGMA-ALORICH® was used as the solvent 
which can wet the cocoon wall, due to its lower surface tension value (23.96 mN·m-1 at 25°C 
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132) and deionized (DI) water was used as the solvent which is hard to wet the cocoon wall 
due to its high surface tension value (71.8 mN·m-1 at 25°C 133), especially when the 
measurement takes no more than 30 s.  
The particle density of the cocoon wall is calculated using the following equation: 
ߩ௣௔௥௧௜௖௟௘ ൌ
ߩ௕௨௧௔௡௢௟ ή ݓݐǤ ͵
ݓݐǤ ͳ ൅ ݓݐǤ ͵ െ ݓݐǤ ʹሺ͵ െ ͹ሻ 
where ߩ௕௨௧௔௡௢௟ is the density of the butanol, 810 kg·m-3 was used in the calculation; ݓݐǤ ͳ is 
the weight of the pycnometer with butanol; ݓݐǤ ʹ  is the weight of the pycnometer with 
butanol and cocoon wall; ݓݐǤ ͵ is the dry weight of the cocoon wall.  
In the same way, the bulk density of the cocoon wall is calculated using Equation (3-8). 
ߩ௕௨௟௞ ൌ
ߩ௪௔௧௘௥ ή ݓݐǤ ͵
ݓݐԢǤ ͳ ൅ ݓݐǤ ͵ െ ݓݐԢǤ ʹሺ͵ െ ͺሻ 
where ߩ௪௔௧௘௥ is the density of the DI water, 1000 kg·m-3 was used in the calculation; ݓݐǤ ͳ is 
the weight of the pycnometer with DI water; ݓݐǤ ʹ is the weight of the pycnometer with DI 
water and cocoon wall. 
The porosity of the cocoon wall can be calculated by Equation (3-9). 
ߝ ൌ ͳ െ ߩ௕௨௟௞ߩ௣௔௥௧௜௖௟௘ ሺ͵ െ ͻሻ 
3.3    Scanning electron microscopy (SEM) 
    SEM was used to investigate surfaces and layers of the cocoon walls and their cross-
sections. SEM works by scanning a focused probe across the sample surface. Secondary 
electrons emitted from the sample are typically detected by a photomultiplier system. The 
SEM specimens were cut from the original cocoons and then sputter coated with gold before 
being put into the microscope. The cross sections were obtained by embedding the cocoon 
wall into an epoxy matrix and then ground wet through 80, 240, 600, 1200 and 4000 grit 
silicon carbide abrasive paper. SEM observation was performed by using a Supra 55 VP 
scanning electron microscope (shown in Figure 3-6) with an accelerating voltage of 2-5kV.  
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Figure 3-6 Photo of the Supra 55 VP SEM 
3.4    Numerical simulation using ANSYS-CFX 
The models used to simulate the heat and moisture transfer process through the A. pernyi 
and B. mori silkworm cocoon walls were built, calculated and analysed in ANSYS. ANSYS 
Geometry was used to build the model; ANSYS Meshing was used to mesh the model; 
ANSYS CFX was used to calculate and analyse the model.  
ANSYS CFX software is a commercial Computational Fluid Dynamics (CFD) program 
that simulates fluid flow in a variety of applications such as aerospace, rotating machinery, 
energy, petrochemical engineering, machine manufacturing, biotechnology, water treatment, 
metallurgy, environmental protection and more. 
ANSYS CFX software is fully integrated into the ANSYS® Workbench™ environment, 
i.e. the framework for the full suite of engineering simulation solutions from ANSYS.  
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Within the ANSYS Workbench environment, applications from multiple simulation 
disciplines can access tools common to all, such as geometry and meshing tools.  
ANSYS CFX is a software package which is composed of four function modules. The four 
function modules are CFX-Pre, CFX-Solver, CFX-Solver Manager and CFX-Post as shown 
in Figure 3-7. 
 
Figure 3-7 The structure chart of ANSYS CFX 
The ANSYS CFX-Pre is a modern and intuitive interface for the setup of CFD analyses, 
such as the property of the medium, the boundary conditions of the computational domain, 
the alternative mathematical model, computational accuracy, iterations and target residual. 
The ANSYS CFX-Solver is the kernel program in the CFX software model calculation. 
Coupled algebraic multigrid is used in the ANSYS CFX-Solver. The ANSYS CFX-Solver 
manager can display the solution procedure information and it is convenient for the users to 
monitor the solution procedure. The ANSYS CFX-Post is used to display the results 
including both graphical and quantitative analysis outputs.  
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Chapter 4 Numerical simulation of heat and moisture transfer in 
silkworm cocoon walls  
4.1    Introduction 
Heat and mass transfer and their interaction in porous media  are very complex processes, 
which involve many research areas, such as textiles 95,134, building 68,99,135, air conditioning 
system 136,137, wood drying 71, heat exchangers 72, transport in composite membrane 73, 
thermal insulation 74, and sugar production 75. In this chapter, a model was built to understand 
the thermal and moisture transfer characteristics of silkworm cocoon walls. The governing 
equations, such as energy and mass conservation equations, have been utilised to describe the 
heat and moisture transfer processes in silkworm cocoon walls. The finite-volume method 
(FVM) was applied in the discretization of these governing equations. By using ANSYS 
software, two dimensional cocoon models, constructed based on the natural cocoon fibrous 
structures, were used to simulate the heat and moisture transfer process through the A. pernyi 
and B. mori silkworm cocoon walls. 
4.2    General Mathematical Models 
4.2.1    Model description 
A typical cocoon system, which can be seen as a thin porous fibrous batting (≈ 0.7 mm in 
thickness) surrounding the chrysalis in the shape of spheroidicity, is shown in Figure 4-1. 
Heat and moisture exchange through the cocoon wall does not cease until balance is realised 
between the cocoon interior and exterior. The heat transfer process through porous materials 
may involve different mechanisms, such as thermal conduction, thermal convection, thermal 
radiation and latent heat transfer by phase changes. The mechanisms of the moisture transfer 
involve diffusion, convection and generation of water vapour.  
In order to reduce the simulation time, the thermal and moisture transfer characteristics of 
silkworm cocoon walls were studied, not the entire cocoons, and a simplified geometry was 
used for the modelling work. The basic structure of heat and moisture transfer model is 
shown in Figure 4-2. The origin of the coordinate plane was built in the centre of the inner 
surface of the cocoon wall. The centre of the outer surface of the cocoon wall is located in 
“L”, whose absolute value is the thickness of the cocoon wall. The moisture transfers along 
the path formed by silk fibres; the heat transfers through the silk fibres and the air 
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surrounding them. In the meantime, the heat and moisture exchange at the interface between 
the surrounding and the cocoon wall. Heat flow in the porous material induces moisture flow, 
which in turn affects heat flow through condensation, evaporation and freezing. Therefore, 
heat and moisture transfer occur simultaneously and must be analysed together.  
The mathematical model was built based on the following assumptions: the porous fibrous 
batting is homogeneous in all directions expect in the direction of flow; any plane across the 
flow path, which includes all boundaries, is uniform; the gas is continuous ideal gas; the solid, 
liquid and gas phases are in thermodynamic equilibrium state; local thermal equilibrium 
exists among all phases, and as a consequence, only sublimation or desublimation is 
considered in the freezing region; volume changes of the fibres due to changing moisture and 
water content are neglected; the moisture content at the fibre surface is in sorptive 
equilibrium with that of the surrounding air; no shrinking or expanding of the cocoon wall 
occurs. 
 
Figure 4-1 Heat and moisture transfer process of the entire cocoon 
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Figure 4-2 Heat and moisture transfer through the cocoon wall 
4.2.2    The energy and mass conservation equations 
Conservation equations and constitutive equations were used to model the heat and 
moisture transfer processes. The mass, the momentum and the energy conservation equations 
were included in the conservation equations. Darcy’s law 138, Fick’s law 139 and Fourier’s law 
were used to describe the constitutive equations. 
4.2.2.1    Elementary mass conservation equation 
Moisture transfer through porous materials, even in a one-dimensional process, is a 
complex phenomenon. It involves both liquid and vapour transport. Phase change such as 
condensation and evaporation or even freezing and thawing, may be present. Therefore, three 
possible constituents (solid ice, liquid moisture and water vapour) are analysed below. 
Water vapour transfer in the void between fibres is controlled by the mass conservation 
equation 99, 
݀
݀ݐ නܥ௩ܸ݀ ൌ െන ܬ௩݀ܣ ൅ නο݉௩ܸ݀ሺͶ െ ͳሻ 
where the part to the left of the equation indicates the accumulation rate of water vapour in a 
control volume. The first part to the right of the equation shows the flow rate of water vapour 
through the control volume interface, where ׬ ܬ௩݀ܣ ൌ ׬݀݅ݒܬ௩ܸ݀ . And the second part 
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expresses the generated rate of water vapour due to phase change in the control volume. 
Based on the conditions assumed, the mass conservation equation (4-1) can be simplified as: 
߲ܥ௩
߲ݐ ൌ െ݀݅ݒܬ௩ ൅ ο݉௩ሺͶ െ ʹሻ 
The flow rate of water vapour through the control volume interface can be divided into two 
parts: the convective vapour transport and vapour diffusion. Therefore: 
߲ܥ௩
߲ݐ ൌ െݑߘܥ௩ᇣᇧᇤᇧᇥ௖௢௡௩௘௖௧௜௩௘௩௔௣௢௨௥௧௥௔௡௦௣௢௥௧
൅ ܦ௩߬ ߘ
ଶܥ௩ᇣᇧᇤᇧᇥ
௩௔௣௢௨௥ௗ௜௙௙௨௦௜௢௡
൅ ο݉௩ถ
௚௘௡௘௥௔௧௜௢௡௢௙௪௔௧௘௥௩௔௣௢௨௥
ሺͶ െ ͵ሻ 
where ݑ is the water vapour transfer velocity; ܦ௩ is the diffusivity of water vapour in the air; 
ɒ is the effective tortuosity of the fibrous batting.  
The structure of the porous material and the environmental conditions affect the forms of 
moisture transport. Water vapour transport is due to the gradients of partial vapour pressure, 
which is moved from a high pressure region to a low pressure region under pressure 
difference 103. Gas permeability is considered during the water vapour bulk flow 104,105. 
Although the density of water vapour is small, the volume flow rate is large under certain 
pressure differences. The movement of water vapour through the cocoon under a total 
pressure difference resemble wood drying which follows Darcy’s law. Darcy’s law for gas 
(water vapour) can be written as 140: 
ݑ ൌ ܭ௫ߤ
߲ ௩ܲ
߲ݔ ሺͶ െ Ͷሻ 
where ܭ௫ is the specific permeability of porous batting; ߤ is the dynamic viscosity of water 
vapour; ௩ܲ is the vapour pressure in the vapour region and can be calculated by ௩ܲ ൌ ௦ܲ ൈ
ܴ݄݂ǡ  where ௦ܲ is the saturated vapour pressure; ܴ݄݂ is the relative humidity of the air space 
within the porous batting. 
The diffusion coefficient of water vapour in the air,ܦ௩, is a physical property parameter, 
which expresses the diffusion ability. Its value depends on the property of the mixture, 
pressure and temperature, which can be measured from the experiment. In terms of gas, when 
the diffusion coefficient ܦ଴ is known under certain temperature  ଴ܶ and pressure  ଴ܲ, the ܦ௩ 
can be estimated by Equation (4-5): 
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ܦ௩ ൌ ܦ଴ ൬
ܶ
଴ܶ
൰
ଵǤହ ଴ܲ
ܲ ሺͶ െ ͷሻ 
Generation of water vapour are modelled using equations 95, 
ο݉௩ ൌ െ߁ ߝൗ ሺͶ െ ͸ሻ 
where ߁  is the water accumulation rate; ߝ  is the porosity of fibrous batting considering 
condensates. 
If the fibres are hygroscopic, the absorption rate ߁௦ can be expressed as 95 
߁௦ ൌ ߩሺͳ െ ߝሻ
߲ܥ௙
߲ݐ ሺͶ െ ͹ሻ 
whereߩ is the density of the fibres; ܥ௙ is the mean water vapour concentration in the fibre, 
which can be integrated by 141 
ܥ௙ ൌ ൣʹ ൫ߩ ௙ܴଶ൯Τ ൧න ܥ௙ᇱ
ோ೑
଴
ݎ݀ݎሺͶ െ ͺሻ 
where ௙ܴ  is the radius of fibres; ܥ௙ᇱ  is the volumetric moisture concentration in the fibre, 
which can be calculated by a uniform-diffusion equation 90 
߲ܥ௙ᇱ
߲ݐ ൌ
ͳ
ݎ
߲
߲ݎ ቈݎܦ௙
߲ܥ௙ᇱ
߲ݎ ቉ሺͶ െ ͻሻ 
where ܦ௙ is the diffusion coefficients that have different values at different stages of moisture 
sorption. Diffusion coefficient functions identified for fabrics made from wool, cotton, 
porous acrylic fibres and polypropylene fibres are summarized in Table 4-1 90,91. 
 
 
 
 
 
CHAPTER FOUR 
46 
Table 4-1 Diffusion coefficients functions 
Parameters Diffusion coefficient of water vapour (1st stage) 
Diffusion coefficient of water vapour 
(2nd stage) 
Symbol Df Df 
Unit  m2/s m2/s 
Wool (1.04+68.20Wc-1342.59Wc
2)×10-14,  
t<540s 
1.616405(1-exp(-18.16323exp(-
28.0Wc)))×10-14,  t≥540s 
Cotton (0.8481+50.6Wc-1100Wc
2)×10-14,  
t<540s 
2.5(1-exp(-3.5385exp(-45Wc)))×10-14,  
t≥540s 
Porous 
Acrylic Fibres 
(1.12+410Wc-8200Wc2)×10-13,  
t<540s 6.23×10
-13,  t≥540s 
Polypropylene 
Fibres 1.3E-13,  t<540s 1.3E-13,  t≥540s 
The phenomenon of water condensation and evaporation exists in the heat and moisture 
transfer processes. The condensation rate per unit surface area of fibre covered with 
condensate (liquid water or solid ice) can be expressed as 142 
߁௦௖௘ ൌ െܧଵඨ
ܯ
ʹߨܴ ௦ܶ ሺ ௦ܲ െ ௩ܲሻሺͶ െ ͳͲሻ 
where ܯ is the molecular weight of the evaporating substance; ܴ is the universal gas constant 
that equals to 8.314471, J/ (K mol); ௦ܶ is the liquid surface temperature at the interface of 
condensates and vapour. 
Since ܴ݄݂ ൌ ௩ܲ ௦ܲΤ , and the Knudsen evaporation coefficientǡ ܧଵ, has been replaced by 
what has been called the "'true" evaporation coefficient,ܧ, 143:  
ܧଵ ൌ
ʹܧ
ʹ െ ܧሺͶ െ ͳͳሻ 
From Equations (4-10) and (4-11), we get 
߁௦௖௘ ൌ െ
ʹܧ ௦ܲ
ʹ െ ܧඨ
ܯ
ʹߨܴ ௦ܶ ሺͳ െ ܴ݄݂ሻሺͶ െ ͳʹሻ 
The surface area of the fibre covered by condensates in the control volume is used when 
the fibre is assumed to have an ideal cylinder shape 144 and the surface-to-volume ratio is 
ଶඥሺଵିఌᇲሻሺଵିఌሻ
ோ೑ , where ߝ
ᇱ is the porosity of the dry fibrous batting without condensates. 
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The condensation rate per unit volume is 
߁௖௘ ൌ െ
Ͷܧ ௦ܲ
ʹ െ ܧ
ඥሺͳ െ ߝᇱሻሺͳ െ ߝሻ
௙ܴ
ඨ ܯʹߨܴ ௦ܶ ሺͳ െ ܴ݄݂ሻሺͶ െ ͳ͵ሻ 
Therefore, the total water accumulation rate is  
߁ ൌ ߁௦ ൅ ߁௖௘ሺͶ െ ͳͶሻ 
Generation of water vapour is  
ο݉௩ ൌ െ߁௦ ߝΤ െ ߁௖௘ ߝΤ ሺͶ െ ͳͷሻ 
4.2.2.2    Elementary energy conservation equation 
An integral expression of the balance of energy has been given by the first law of 
thermodynamics. Based on the conservation of heat energy, the heat transfer equation can be 
written as follows 95,145, 
ܿ௩
߲ܶ
߲ݐ ൌ െߝݑܿ௩௔ߘܶᇣᇧᇧᇤᇧᇧᇥ஼௢௡௩௘௖௧௜௢௡
൅ ߣߘଶܶᇣᇤᇥ
஼௢௡ௗ௨௖௧௜௢௡
൅ ߘܨด
ோ௔ௗ௜௔௧௜௢௡
൅ ߢ߁ด
௅௔௧௘௡௧௛௘௔௧
ሺͶ െ ͳ͸ሻ 
where ߣ is the effective thermal conductivity of the fabric.  
The effective thermal conductivity of the porous media is a function of properties such as 
porosity, water content, saturation degree, phase change of water. Therefore, the word 
“effective” refers to the fact that the thermal conductivity value is influenced by different 
constituents in solid, liquid and gas phases. Previous research 146 presents the development of 
an effective thermal conductivity model for simulating the thermo-hydro-mechanical 
processes of the porous media. The effective thermal conductivity of fibrous insulating 
materials can be calculated by: 
ߣ ൌ ߟଵሺͳ െ ߝᇱሻߣ௙ ൅ ሺͳ െ ߟଶሻሾͳ െ ߟଵሺͳ െ ߝᇱሻሿଶ ቈ
ሺͳ െ ߝᇱሻሺͳ െ ߟଵሻ
ߣ௙ ൅
ߝᇱܵ௥
ߣ௪ ൅
ߝᇱሺͳ െ ܵ௥ሻ
ߣ௔ ቉
ିଵ
൅ ߟଶൣሺͳ െ ߝᇱሻሺͳ െ ߟଵሻߣ௙ ൅ ߝᇱܵ௥ߣ௪ ൅ ߝᇱሺͳ െ ܵ௥ሻߣ௔൧ሺͶ െ ͳ͹ሻ 
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where the coefficient ߟଵis a function of porosity, ߟଵ ൌ ݂ሺߝᇱሻ; The coefficient ߟଶis a function 
of porosity, saturation and temperature,  ߟଶ ൌ ݂ሺߝᇱǡ ܵ௥ǡ ܶሻ. For simplification, the equation 
below 147,148 is used:  
ߣ ൌ ሺͳ ൅ ߝ െ ߝᇱሻൣሺͳ െ ߝᇱሻߣ௙ ൅ ߝߣ௔൧ ൅ ሺߝᇱ െ ߝሻߣ௪ሺͶ െ ͳͺሻ 
where ߣ௔  is the effective thermal conductivity of the air; ߣ௪  is the effective thermal 
conductivity of the condensates (liquid water or solid ice); ߣ௙  is the effective thermal 
conductivity of the fibres.  
As detailed in Appendix A, the relationship between ߝ and ߝᇱcan be measured by: 
ߝ ൌ ߝᇱ െ ߩߩ௪ ܹሺͳ െ ߝ
ᇱሻሺͶ െ ͳͻሻ 
ߝᇱ ൌ ߩ௪ߝ ൅ ߩܹߩ௪ ൅ ߩ ሺͶ െ ʹͲሻ 
where ߩ௪ is the density of liquid water or solid ice; ܹ is the water content of the fibrous 
batting, which is defined as the weight of water divided by the weight of the dry fibrous 
batting, which may be more than 100%. 
The effective volumetric heat capacity of the fibrous batting is calculated by (Appendix B): 
ܿ௩ ൌ ߝܿ௩௔ ൅ ሺͳ െ ߝᇱሻܿ௩௙ ൅ ሺߝᇱ െ ߝሻܿ௩௪ሺͶ െ ʹͳሻ 
where ܿ௩௔ is the effective volumetric heat capacity of the air; ܿ௩௙ is the effective volumetric 
heat capacity of the fibres; ܿ௩௪ is the effective volumetric heat capacity of the condensates 
(liquid water or solid ice). 
ܨ is the total thermal radiation, which can be calculated by 149 
ߘܨ ൌ െሺߘܨோ െ ߘܨ௅ሻሺͶ െ ʹʹሻ 
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where ܨோ  is total thermal radiation travelling to the right; ܨ௅  is the total thermal radiation 
travelling to the left. If the scattering of radiation by fibres is ignored, then 
ߘܨோ ൌ െߚܨோ ൅ ߚߪܶସሺͶ െ ʹ͵ሻ 
ߘܨ௅ ൌ ߚܨ௅ െ ߚߪܶସሺͶ െ ʹͶሻ 
where ߚ is the radiation sorption constant of the fibres; ߪ is the Boltzmann constant, which 
equals to 5.6705×10-8 w/ (K4m2); ܶ is the temperature. 
ߢ is the heat released or absorbed of water when phase changing at a constant temperature. 
For simplification, it can be calculated by the following empirical functions ߢ ൌ ݂ሺܶሻ 150.  
For evaporation and condensation from and into water, the latent heat is almost constant in 
the temperature range from −40°C to 40°C and can be approximated by the following 
empirical cubic function: 
ߢ௪௔௧௘௥ ൌ ݂ሺܶሻ ൌ ʹͲͶʹͲͳ͵ǤͲ͸͹ ൅ ͳͲͳͻͷǤͺͺ͸Ͳͷܶ െ Ͷ͹Ǥͷ͸͹ܶଶ ൅ ͲǤͲ͸ܶଷሺͶ െ ʹͷሻ 
For sublimation and deposition from and into ice, the latent heat is almost constant in the 
temperature range from −40°C to 0°C and can be approximated by the following empirical 
quadratic function: 
ߢ௜௖௘ ൌ ݂ሺܶሻ ൌ ʹ͸ͳͶͺ͸ͻǤͺͳ ൅ ͳͺͻͷǤʹܶ െ ͶܶଶሺͶ െ ʹ͸ሻ 
4.2.2.3    Boundary conditions 
Since the conductive heat transfer and moisture transport at the internal surface and the 
outside surface should be continuous, the boundary conditions at position ݔ (ݔ ൌ Ͳ݋ݎܮ) and 
time ݐ are: 
ሺͳ െ ߞ௜௡ሻܨ௅ሺͲǡ ݐሻ ൅ ߞ௜௡ߪܶସሺͲǡ ݐሻ ൌ ܨோሺͲǡ ݐሻሺͶ െ ʹ͹ െ ܽሻ 
ሺͳ െ ߞ௢௨௧ሻܨோሺܮǡ ݐሻ ൅ ߞ௢௨௧ߪܶସሺܮǡ ݐሻ ൌ ܨ௅ሺܮǡ ݐሻሺͶ െ ʹ͹ െ ܾሻ 
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െߣሺͲǡ ݐሻ ߲߲ܶݔฬ௫ୀ଴ ൌ ݄௜௡ሾ ௜ܶ௡ሺݐሻ െ ܶሺͲǡ ݐሻሿ ൅ ߞ௜௡ߪሾ ௜ܶ௡
ସ ሺݐሻ െ ܶସሺͲǡ ݐሻሿሺͶ െ ʹ͹ െ ܿሻ 
െߣሺܮǡ ݐሻ ߲߲ܶݔฬ௫ୀ௅ ൌ ݄௢௨௧ሾܶሺܮǡ ݐሻ െ ௢ܶ௨௧ሺݐሻሿ ൅ ߞ௢௨௧ߪሾܶ
ସሺܮǡ ݐሻ െ ௢ܶ௨௧ସ ሺݐሻሿሺͶ െ ʹ͹ െ ݀ሻ 
െܦ௩ሺͲǡ ݐሻߝ߬
߲ܥ௩
߲ݔ ฬ௫ୀ଴ ൌ ݄௠ି௜௡ሾܥ௩ି௜௡ሺݐሻ െ ܥ௩ሺͲǡ ݐሻሿሺͶ െ ʹ͹ െ ݁ሻ 
െܦ௩ሺܮǡ ݐሻߝ߬
߲ܥ௩
߲ݔ ฬ௫ୀ௅ ൌ ݄௠ି௢௨௧ሾܥ௩ሺܮǡ ݐሻ െ ܥ௩ି௢௨௧ሺݐሻሿሺͶ െ ʹ͹ െ ݂ሻ 
where ߞ௜௡ is the surface emissivity of the inner covering cocoon; ߞ௢௨௧ is the surface emissivity 
of the outer covering cocoon; ݄௜௡  is the convective thermal transfer coefficient inside the 
cocoon; ݄௢௨௧  is the convective thermal transfer coefficient outside the cocoon; ௜ܶ௡  is the 
temperature inside the cocoon; ௢ܶ௨௧  is the temperature outside the cocoon; ݄௠ି௜௡  is the 
convective mass transfer coefficient inside the cocoon; ݄௠ି௢௨௧  is the convective mass 
transfer coefficient outside the cocoon; ܥ௩ି௜௡ is the water vapour concentration inside the 
cocoon; ܥ௩ି௢௨௧ is the water vapour concentration outside the cocoon.  
4.3    Numerical solution with finite-volume method 
4.3.1    Discretization of elementary mass conservation equation 
The governing differential equation of mass transfer phenomenon is shown in Equation (4-
3), which will be discretized in steady and transient cases.  
߲ܥ௩
߲ݐ ൌ െݑߘܥ௩ ൅
ܦ௩
߬ ߘ
ଶܥ௩ ൅ ο݉௩ሺͶ െ ͵ሻ 
4.3.1.1    Steady case 
The steady governing differential equation is  
െݑߘܥ௩ ൅
ܦ௩
߬ ߘ
ଶܥ௩ ൅ ο݉௩ ൌ ͲሺͶ െ ʹͺሻ 
For one dimensional case, Equation (4-28) can be further simplified 
െݑ ߲ܥ௩߲ݔ ൅
ܦ௩
߬
߲ଶܥ௩
߲ݔଶ ൅ ο݉௩ ൌ ͲሺͶ െ ʹͻሻ 
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To solve the equation, the solution domain is divided into discrete control volume, as 
shown in Figure 4-3.  The solution domain A-B is divided into five control volumes. The 
boundary of the domain is the outer boundary of the boundary control volume. One node is 
arranged in the centre of each control volume. 
 
Figure 4-3 The control volume and the definition of meshing size for the one dimensional 
system 
The meshing size of the control volume expressed by the random intermediate node ‘ܲ’ is 
defined. The western side adjacent node is ‘ܹ’, the eastern side adjacent node is ‘ܧ’, the 
distance between ‘ܹ’ and ‘ܲ’ is ߜݔௐ௉, the distance between ‘ܲ’ and ‘ܧ’ is ߜݔ௉ா; the western 
side boundary in the control volume ‘ܲ’ is ‘ݓ’, the eastern side boundary is ‘݁’, the length of 
the control volume is ߜݔ௪௘.  
The discretization of the equation is achieved by the integral in the control volume. This 
integral for the equation in the control volume is conducted and then the Gauss’s Divergence 
Theorem is used.  
െ නݑ ߲ܥ௩߲ݔ
ο௏
ܸ݀ ൅ ඲ܦ௩߬
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ൌ ͲሺͶ െ ͵Ͳሻ 
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where ܣ is the area of the control volume surface (Integral direction); οܸ is the volume of the 
control volume; ο݉௩തതതതതത is the average value of water vapour generation in the control volume. 
The unknown variables in the boundary of the control volume, such as ܦ௩௘, ܦ௩௪, ܥ௩௘, ܥ௩௪, 
డ஼ೡడ௫ ቚ௘ , 
డ஼ೡ
డ௫ ቚ௪ , should be used in the following calculation. These values can be calculated 
from the interpolation of the values in the adjacent nodes, where the linear interpolation is 
applied. In the uniform meshing system,   
ܦ௩௘ ൌ
ͳ
ʹ ൫ܦ௩௉൅ܦ௩ா൯ሺͶ െ ͵ͳ െ ܽሻ 
ܦ௩௪ ൌ
ͳ
ʹ ൫ܦ௩ௐ൅ܦ௩௉൯ሺͶ െ ͵ͳ െ ܾሻ 
ܥ௩௘ ൌ
ͳ
ʹ ൫ܥ௩ா ൅ ܥ௩௉൯ሺͶ െ ͵ͳ െ ሻ 
ܥ௩௪ ൌ
ͳ
ʹ ൫ܥ௩௉ ൅ ܥ௩ௐ൯ሺͶ െ ͵ͳ െ ݀ሻ 
߲ܥ௩
߲ݔ ฬ௘ ൎ
οܥ௩
οݔ ฬ௘ ൌ
ܥ௩ா െ ܥ௩௉
ߜݔ௉ா ሺͶ െ ͵ͳ െ ݁ሻ 
߲ܥ௩
߲ݔ ฬ௪ ൎ
οܥ௩
οݔ ฬ௪ ൌ
ܥ௩௉ െ ܥ௩ௐ
ߜݔௐ௉ ሺͶ െ ͵ͳ െ ݂ሻ 
ο݉௩ is processed as a source term, which may be constant or as a function of variable. The 
source term is usually linearly processed by the finite-volume method,  
ο݉௩തതതതതതοܸ ൌ ܵ௨ ൅ ܵ௣ܥ௩௉ሺͶ െ ͵ʹሻ 
Substituting Equation (4-31) and Equation (4-32) into Equation (4-30) leads to: 
ͳ
ʹݑ௘ܣ௘൫ܥ௩ா ൅ ܥ௩௉൯ െ
ͳ
ʹݑ௪ܣ௪൫ܥ௩௉ ൅ ܥ௩ௐ൯
ൌ ൬ܦ௩߬ ൰௘ ܣ௘ ቆ
ܥ௩ா െ ܥ௩௉
ߜݔ௉ா ቇ െ ൬
ܦ௩
߬ ൰௪ ܣ௪ ቆ
ܥ௩௉ െ ܥ௩ௐ
ߜݔௐ௉ ቇ
൅ ൫ܵ௨ ൅ ܵ௣ܥ௩௉൯ሺͶ െ ͵͵ሻ 
Equation (4-33) is rearranged based on the variables in the nodes ‘ܲ’, ‘ܹ’ and ‘ܧ’,  
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൤ͳʹ ݑ௘ܣ௘ െ
ͳ
ʹݑ௪ܣ௪ ൅ ൬
ܦ௩
߬ ൰௘
ܣ௘
ߜݔ௉ா ൅ ൬
ܦ௩
߬ ൰௪
ܣ௪
ߜݔௐ௉ െ ܵ௣൨ ܥ௩௉
ൌ ൤൬ܦ௩߬ ൰௪
ܣ௪
ߜݔௐ௉ ൅
ͳ
ʹݑ௪ܣ௪൨ ܥ௩ௐ ൅ ൤൬
ܦ௩
߬ ൰௘
ܣ௘
ߜݔ௉ா െ
ͳ
ʹݑ௘ܣ௘൨ ܥ௩ா
൅ ܵ௨ሺͶ െ ͵Ͷሻ 
After normalization, Equation (4-34) is converted to be 
ܽ௉ܥ௩௉ ൌ ܽௐܥ௩ௐ ൅ ܽாܥ௩ா ൅ ܵ௨ሺͶ െ ͵ͷሻ 
where  
ܽௐ ൌ ൬
ܦ௩
߬ ൰௪
ܣ௪
ߜݔௐ௉ ൅
ͳ
ʹݑ௪ܣ௪ 
ܽா ൌ ൬
ܦ௩
߬ ൰௘
ܣ௘
ߜݔ௉ா െ
ͳ
ʹݑ௘ܣ௘ 
ܽ௉ ൌ ܽௐ ൅ ܽா ൅ ݑ௘ܣ௘ െ ݑ௪ܣ௪ െ ܵ௣ 
Equation (4-35) is the discretization equation of one dimensional steady mass conservation 
equation, which can be obtained in every node. The solution of the equations show the mass 
distribution of the substance in the computational domain.  
This one dimensional solving method can be generalized to two dimensional problem. The 
two dimensional steady governing differential equation is  
൤ ߲߲ݔ ሺݑ௫ܥ௩ሻ ൅
߲
߲ݕ ൫ݑ௬ܥ௩൯൨ ൌ
߲
߲ݔ ൤൬
ܦ௩
߬ ൰௫
߲ܥ௩
߲ݔ ൨ ൅
߲
߲ݕ ቈ൬
ܦ௩
߬ ൰௬
߲ܥ௩
߲ݕ ቉ ൅ ο݉௩ሺͶ െ ͵͸ሻ 
ቀ஽ೡఛ ቁ௫  and ቀ
஽ೡ
ఛ ቁ௬can be the same or not. For simplification, it is supposed that ቀ
஽ೡ
ఛ ቁ௫ ൌ
ቀ஽ೡఛ ቁ௬ ൌ
஽ೡ
ఛ , ο݉௩ is treated as a source term.  
Figure 4-4 is the part of the meshing system for this two dimensional problem. The shadow 
area is the control volume of node ‘ܲ’. Different from the one dimensional problem, besides 
the west side adjacent node ‘ܹ’ and the east side adjacent node ‘ܹ’, there are north side 
adjacent node ‘ܰ’ and south side adjacent node ‘ܵ’ for node ‘ܲ’. The distance between ‘ܲ’ 
and ‘ܹ’ in the x direction is ߜݔௐ௉; the distance between ‘ܲ’ and ‘ܧ’ in the x direction is 
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ߜݔ௉ா; the distance between ‘ܲ’ and ‘ܰ’ in the y direction is ߜݔ௉ே; the distance between ‘ܲ’ 
and ‘ܰ’ in the y direction is ߜݔௌ௉. ‘ݓ’, ‘݁’, ‘݊’and ‘ݏ’ are in the middle of W-P, P-E, N-P, P-
S, respectively.  
 
Figure 4-4 The control volume and the definition of meshing size for the two dimensional 
system 
Based on the fundamental of the finite-volume method, Equation (4-36) is dealt with by 
the integral in the control volume.  
න ߲߲ݔ ሺݑ௫ܥ௩ሻ
ο௏
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ο௏
ܸ݀ሺͶ െ ͵͹ሻ 
Based on Gauss’s divergence theorem,  
ሾሺݑ௫ܥ௩ܣሻ௘ െ ሺݑ௫ܥ௩ܣሻ௪ሿ ൅ ቂ൫ݑ௬ܥ௩ܣ൯௡ െ ൫ݑ௬ܥ௩ܣ൯௦ቃ
ൌ ൤൬ܦ௩߬ ܣ
߲ܥ௩
߲ݔ ൰௘ െ ൬
ܦ௩
߬ ܣ
߲ܥ௩
߲ݔ ൰௪൨ ൅ ቈ൬
ܦ௩
߬ ܣ
߲ܥ௩
߲ݕ ൰௡
െ ൬ܦ௩߬ ܣ
߲ܥ௩
߲ݕ ൰௦
቉
൅ ο݉௩തതതതതതοܸሺͶ െ ͵ͺሻ 
It can be concluded from Figure 4-4 that ܣ௘ ൌ ܣ௪ ൌ οݕ, ܣ௡ ൌ ܣ௦ ൌ οݔ. Equation (4-38) 
shows the equilibrium relation of field variable ܥ௩ in the control volume. The field variable 
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and its derivative transferring through the boundary of the control volume can also be 
calculated from the linear interpolation of the values in the adjacent nodes. 
The convection flow through the eastern side boundary is 
ሺݑ௫ܥ௩ܣሻ௘ ൌ
ͳ
ʹݑ௫௘ܣ௘ሺܥ௩ா ൅ ܥ௩௉ሻሺͶ െ ͵ͻ െ ܽሻ 
The diffusion flow through the eastern side boundary is 
൬ܦ௩߬ ܣ
߲ܥ௩
߲ݔ ൰௘ ൌ ൬
ܦ௩
߬ ൰௘ ܣ௘ ൬
ܥ௩ா െ ܥ௩௉
ߜݔ௉ா ൰ሺͶ െ ͵ͻ െ ܾሻ 
The convection flow through the western side boundary is 
ሺݑ௫ܥ௩ܣሻ௪ ൌ
ͳ
ʹݑ௫௪ܣ௪ሺܥ௩௉ ൅ ܥ௩ௐሻሺͶ െ ͵ͻ െ ܿሻ 
The diffusion flow through the western side boundary is 
൬ܦ௩߬ ܣ
߲ܥ௩
߲ݔ ൰௪ ൌ ൬
ܦ௩
߬ ൰௪ ܣ௪ ൬
ܥ௩௉ െ ܥ௩ௐ
ߜݔௐ௉ ൰ሺͶ െ ͵ͻ െ ݀ሻ 
The convection flow through the northern side boundary is 
൫ݑ௬ܥ௩ܣ൯௡ ൌ
ͳ
ʹݑ௬௡ܣ௡ሺܥ௩ே ൅ ܥ௩௉ሻሺͶ െ ͵ͻ െ ݁ሻ 
The diffusion flow through the northern side boundary is 
൬ܦ௩߬ ܣ
߲ܥ௩
߲ݕ ൰௡
ൌ ൬ܦ௩߬ ൰௡ ܣ௡ ൬
ܥ௩ே െ ܥ௩௉
ߜݔ௉ே ൰ሺͶ െ ͵ͻ െ ݂ሻ 
The convection flow through the southern side boundary is 
൫ݑ௬ܥ௩ܣ൯௦ ൌ
ͳ
ʹݑ௬௦ܣ௦ሺܥ௩௉ ൅ ܥ௩ௌሻሺͶ െ ͵ͻ െ ݃ሻ 
The diffusion flow through the southern side boundary is 
൬ܦ௩߬ ܣ
߲ܥ௩
߲ݕ ൰௦
ൌ ൬ܦ௩߬ ൰௦ ܣ௦ ൬
ܥ௩௉ െ ܥ௩ௌ
ߜݔௌ௉ ൰ሺͶ െ ͵ͻ െ ݄ሻ 
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The source term is linearly processed 
ο݉௩തതതതതതοܸ ൌ ܵ௨ ൅ ܵ௣ܥ௩௉ሺͶ െ ͵ʹሻ 
Substituting Equation (4-32) and Equation (4-39) into Equation (4-38) leads to: 
൤ͳʹ ݑ௫௘ܣ௘ሺܥ௩ா ൅ ܥ௩௉ሻ െ
ͳ
ʹݑ௫௪ܣ௪ሺܥ௩௉ ൅ ܥ௩ௐሻ൨
൅ ൤ͳʹݑ௬௡ܣ௡ሺܥ௩ே ൅ ܥ௩௉ሻ െ
ͳ
ʹݑ௬௦ܣ௦ሺܥ௩௉ ൅ ܥ௩ௌሻ൨
ൌ ൤൬ܦ௩߬ ൰௘ ܣ௘ ൬
ܥ௩ா െ ܥ௩௉
ߜݔ௉ா ൰ െ ൬
ܦ௩
߬ ൰௪ ܣ௪ ൬
ܥ௩௉ െ ܥ௩ௐ
ߜݔௐ௉ ൰൨
൅ ൤൬ܦ௩߬ ൰௡ ܣ௡ ൬
ܥ௩ே െ ܥ௩௉
ߜݔ௉ே ൰ െ ൬
ܦ௩
߬ ൰௦ ܣ௦ ൬
ܥ௩௉ െ ܥ௩ௌ
ߜݔௌ௉ ൰൨ ൅ ܵ௨
൅ ܵ௣ܥ௩௉ሺͶ െ ͶͲሻ 
Equation (4-40) is rearranged based on the field variables in the nodes,  
൤ͳʹ ݑ௫௘ܣ௘ െ
ͳ
ʹݑ௫௪ܣ௪ ൅
ͳ
ʹݑ௬௡ܣ௡ െ
ͳ
ʹݑ௬௦ܣ௦ ൅ ൬
ܦ௩
߬ ൰௘
ܣ௘
ߜݔ௉ா ൅ ൬
ܦ௩
߬ ൰௪
ܣ௪
ߜݔௐ௉ ൅ ൬
ܦ௩
߬ ൰௡
ܣ௡
ߜݔ௉ே
൅ ൬ܦ௩߬ ൰௦
ܣ௦
ߜݔௌ௉ െ ܵ௣൨ ܥ௩௉
ൌ ൤൬ܦ௩߬ ൰௪
ܣ௪
ߜݔௐ௉ ൅
ͳ
ʹݑ௫௪ܣ௪൨ ܥ௩ௐ ൅ ൤൬
ܦ௩
߬ ൰௘
ܣ௘
ߜݔ௉ா െ
ͳ
ʹݑ௫௘ܣ௘൨ ܥ௩ா
൅ ൤൬ܦ௩߬ ൰௦
ܣ௦
ߜݔௌ௉ ൅
ͳ
ʹݑ௬௦ܣ௦൨ ܥ௩ௌ ൅ ൤൬
ܦ௩
߬ ൰௡
ܣ௡
ߜݔ௉ே െ
ͳ
ʹݑ௬௡ܣ௡൨ ܥ௩ே
൅ ܵ௨ሺͶ െ Ͷͳሻ 
After normalization, Equation (4-41) is converted to be 
ܽ௉ܥ௩௉ ൌ ܽௐܥ௩ௐ ൅ ܽாܥ௩ா ൅ ܽௌܥ௩ௌ ൅ ܽேܥ௩ே ൅ ܵ௨ሺͶ െ Ͷʹሻ 
where  
ܽௐ ൌ ൬
ܦ௩
߬ ൰௪
ܣ௪
ߜݔௐ௉ ൅
ͳ
ʹݑ௫௪ܣ௪ 
ܽா ൌ ൬
ܦ௩
߬ ൰௘
ܣ௘
ߜݔ௉ா െ
ͳ
ʹݑ௫௘ܣ௘ 
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ܽௌ ൌ ൬
ܦ௩
߬ ൰௦
ܣ௦
ߜݔௌ௉ ൅
ͳ
ʹݑ௬௦ܣ௦ 
ܽே ൌ ൬
ܦ௩
߬ ൰௡
ܣ௡
ߜݔ௉ே െ
ͳ
ʹݑ௬௡ܣ௡ 
ܽ௉ ൌ ܽௐ ൅ ܽா ൅ ܽௌ ൅ ܽே െ ݑ௫௪ܣ௪ ൅ ݑ௫௘ܣ௘ െ ݑ௬௦ܣ௦ ൅ ݑ௬௡ܣ௡ െ ܵ௣ 
Equation (4-42) is the discretization equation of two dimensional steady mass conservation 
equation, which can be obtained in every node. For the discretization of three dimensional 
system, similar method can be applied. The discrete control volume and the definition of 
meshing size for three dimensional system is shown in Figure 4-5. 
 
Figure 4-5 The control volume and the definition of meshing size for two dimensional system 
The three dimensional steady governing differential equation is  
൤ ߲߲ݔ ሺݑ௫ܥ௩ሻ ൅
߲
߲ݕ ൫ݑ௬ܥ௩൯ ൅
߲
߲ݖ ሺݑ௭ܥ௩ሻ൨
ൌ ൤ ߲߲ݔ ൬
ܦ௩
߬
߲ܥ௩
߲ݔ ൰ ൅
߲
߲ݕ ൬
ܦ௩
߬
߲ܥ௩
߲ݕ ൰ ൅
߲
߲ݖ ൬
ܦ௩
߬
߲ܥ௩
߲ݖ ൰൨ ൅ ο݉௩ሺͶ െ Ͷ͵ሻ 
The three dimensional normalized discretization equation is  
ܽ௉ܥ௩௉ ൌ ܽௐܥ௩ௐ ൅ ܽாܥ௩ா ൅ ܽௌܥ௩ௌ ൅ ܽேܥ௩ே ൅ ܽ஻ܥ௩஻ ൅ ்ܽܥ௩் ൅ ܵ௨ሺͶ െ ͶͶሻ 
where  
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ο݉௩തതതതതതοܸ ൌ ܵ௨ ൅ ܵ௣ܥ௩௉ 
ܽௐ ൌ ൬
ܦ௩
߬ ൰௪
ܣ௪
ߜݔௐ௉ ൅
ͳ
ʹݑ௫௪ܣ௪ 
ܽா ൌ ൬
ܦ௩
߬ ൰௘
ܣ௘
ߜݔ௉ா െ
ͳ
ʹݑ௫௘ܣ௘ 
ܽௌ ൌ ൬
ܦ௩
߬ ൰௦
ܣ௦
ߜݔௌ௉ ൅
ͳ
ʹݑ௬௦ܣ௦ 
ܽே ൌ ൬
ܦ௩
߬ ൰௡
ܣ௡
ߜݔ௉ே െ
ͳ
ʹݑ௬௡ܣ௡ 
ܽ஻ ൌ ൬
ܦ௩
߬ ൰௕
ܣ௕
ߜݔ஻௉ ൅
ͳ
ʹݑ௭௕ܣ௕ 
்ܽ ൌ ൬
ܦ௩
߬ ൰௧
ܣ௧
ߜݔ௉் െ
ͳ
ʹݑ௭௧ܣ௧ 
ܽ௉ ൌ ܽௐ ൅ ܽா ൅ ܽௌ ൅ ܽே ൅ ܽ஻ ൅ ்ܽ െ ݑ௫௪ܣ௪ ൅ ݑ௫௘ܣ௘ െ ݑ௬௦ܣ௦ ൅ ݑ௬௡ܣ௡ െ ݑ௭௕ܣ௕
൅ ݑ௭௧ܣ௧ െ ܵ௣ 
3.3.1.2    Transient case 
In the real flow, the flowing state is changing with time mostly. The control equation for 
the mass transfer phenomenon is shown in Equation (4-3), 
߲ܥ௩
߲ݐ ൌ െݑߘܥ௩ ൅
ܦ௩
߬ ߘ
ଶܥ௩ ൅ ο݉௩ሺͶ െ ͵ሻ 
After integral in the control volume with the finite volume method, this control equation 
should be integral at certain time interval οݐ, which means that ܥ௩  is conserved in both 
control volume and certain time interval. The integral can be written as 
න ቌන߲ܥ௩߲ݐ
ο௏
ܸ݀ቍ
௧ା௱௧
௧
݀ݐ ൅ න ቌ නݑߘܥ௩
ο௏
ܸ݀ቍ
௧ା௱௧
௧
݀ݐ
ൌ න ቌ නܦ௩߬ ߘ
ଶܥ௩
ο௏
ܸ݀ቍ
௧ା௱௧
௧
݀ݐ ൅ න ቌ නο݉௩
ο௏
ܸ݀ቍ
௧ା௱௧
௧
݀ݐሺͶ െ Ͷͷሻ 
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Based on Gauss’s Divergence Theorem, the volume integral of the convection term and the 
diffusion term are converted to be surface integral in the control volume. And then, the order 
of time integral and volume integral for the first term (time term) is exchanged. 
ඳቌන ߲ܥ௩߲ݐ
௧ା௱௧
௧
݀ݐቍ
ο௏
ܸ݀ ൅ න ൥ර݊ ή ሺݑܥ௩ሻ
஺
݀ܣ൩
௧ା௱௧
௧
݀ݐ
ൌ න ൥ර݊ ή ൬ܦ௩߬ ߘܥ௩൰
஺
݀ܣ൩
௧ା௱௧
௧
݀ݐ ൅ න ቌ නο݉௩
ο௏
ܸ݀ቍ
௧ା௱௧
௧
݀ݐሺͶ െ Ͷ͸ሻ 
The volume integral of convection term, diffusion term and source term have been shown 
in 4.3.1.1. The time integral is processed as below.  
For one dimensional case, Equation (4-3) can be further simplified 
߲ܥ௩
߲ݐ ൌ െݑ
߲ܥ௩
߲ݔ ൅
ܦ௩
߬
߲ଶܥ௩
߲ݔଶ ൅ ο݉௩ሺͶ െ Ͷ͹ሻ 
Considering the one dimensional control volume shown in Figure 4-3, in the time interval 
between ݐ and ሺݐ ൅ οݐሻ, Equation (4-47) is integral in the control volume. 
න ቌන߲ܥ௩߲ݐ
ο௏
ܸ݀ቍ
௧ା௱௧
௧
݀ݐ ൅ න ቌ නݑ ߲ܥ௩߲ݔ
ο௏
ܸ݀ቍ
௧ା௱௧
௧
݀ݐ
ൌ න ൥ න ߲߲ݔ ൬
ܦ௩
߬
߲ܥ௩
߲ݔ ൰
ο௏
ܸ݀൩
௧ା௱௧
௧
݀ݐ ൅ න ቌ නο݉௩
ο௏
ܸ݀ቍ
௧ା௱௧
௧
݀ݐሺͶ െ Ͷͺሻ 
Based on Gauss’s Divergence Theorem, Equation (4-48) can be written as 
ඳቌන ߲ܥ௩߲ݐ
௧ା௱௧
௧
݀ݐቍ
ο௏
ܸ݀ ൅ න ሾሺݑܣܥ௩ሻ௘ െ ሺݑܣܥ௩ሻ௪ሿ
௧ା௱௧
௧
݀ݐ
ൌ න ൤൬ܦ௩߬ ܣ
߲ܥ௩
߲ݔ ൰௘ െ ൬
ܦ௩
߬ ܣ
߲ܥ௩
߲ݔ ൰௪൨
௧ା௱௧
௧
݀ݐ ൅ න ο݉௩തതതതതതοܸ
௧ା௱௧
௧
݀ݐሺͶ െ Ͷͻሻ 
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where ܣ is the surface area of the control volume; οܸ is the volume of the control volume, 
οܸ ൌ ܣοݔ, οݔ is the length of the control volume ߜݔ௪௘; ο݉௩തതതതതത is the average value of water 
vapour generated in the control volume.  
If డ஼ೡడ௧ ൎ
஼ೡು೟శο೟ି஼ೡು೟
ο௧ , where ܥ௩௉
௧  is the water vapour concentration in location ܲ at time , 
ܥ௩௉௧ାο௧ is the water vapour concentration in location ܲ at time ݐ ൅ οݐ.  
The first term on the left side of Equation (4-49) can be written as: 
ඳቌන ߲ܥ௩߲ݐ
௧ା௱௧
௧
݀ݐቍ
ο௏
ܸ݀ ൎ ඳቌන ܥ௩௉
௧ାο௧ െ ܥ௩௉௧
οݐ
௧ା௱௧
௧
݀ݐቍ
ο௏
ܸ݀ ൌ ൫ܥ௩௉௧ାο௧ െ ܥ௩௉௧ ൯οܸሺͶ െ ͷͲሻ 
In fact, the approximation of the water vapour concentration on the partial derivative of 
time is first-order (backward) difference, which can be also dealt by high-order difference. If 
central difference is applied in the numerical calculation of the convective and diffusion 
terms in Equation (4-49), combined with Equation (4-50), Equation (4-49) can be converted 
to: 
൫ܥ௩௉௧ାο௧ െ ܥ௩௉௧ ൯οܸ
ൌ െ න ൤ͳʹݑ௘ܣ௘൫ܥ௩ா ൅ ܥ௩௉൯ െ
ͳ
ʹݑ௪ܣ௪൫ܥ௩௉ ൅ ܥ௩ௐ൯൨
௧ା௱௧
௧
݀ݐ
൅ න ቈ൬ܦ௩߬ ൰௘ ܣ௘
ܥ௩ா െ ܥ௩௉
ߜݔ௉ா െ ൬
ܦ௩
߬ ൰௪ ܣ௪
ܥ௩௉ െ ܥ௩ௐ
ߜݔௐ௉ ቉
௧ା௱௧
௧
݀ݐ
൅ න ο݉௩തതതതതതοܸ
௧ା௱௧
௧
݀ݐሺͶ െ ͷͳሻ 
To calculate the time integral of convective and diffusion terms on the right side, the 
relationship between node water vapour concentration ܥ௩ௐ, ܥ௩௉, ܥ௩ாand time ݐ must be clear, 
where the weighted average water vapour concentration in ȟݐ is used.  
The weighted average water vapour concentration ܥ௩௉ between ݐ and ݐ ൅ οݐ is supposed to 
be calculated by  
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ܥ௩௉ ൌ ߠܥ௩௉௧ାο௧ ൅ ሺͳ െ ߠሻܥ௩௉௧ ሺͶ െ ͷʹሻ 
where the weighting factor ߠ ൌ Ͳ̱ͳ, then, the time integral ܫେ౬ of ܥ௩௉ can be written by 
ܫ஼ೡ ൌ න ܥ௩௉
௧ାο௧
௧
݀ݐ ൌ න ܥ௩௉
௧ାο௧
௧
݀ݐ ൌ ൣߠܥ௩௉௧ାο௧ ൅ ሺͳ െ ߠሻܥ௩௉௧ ൧οݐሺͶ െ ͷ͵ሻ 
ߠ ൌ Ͳ means that ܥ௩௉௧  at time ݐ is considered to be the average water vapour concentration; 
ߠ ൌ ͳ  means that ܥ௩௉௧ାο௧  at time ݐ ൅ οݐ  is considered to be the average water vapour 
concentration; ߠ ൌ ͳȀʹ means that the water vapour concentration at time ݐ and ݐ ൅ οݐ have 
the same weight. ܫେ౬ under these three conditions are shown below: 
when ߠ ൌ Ͳ, ܫ஼ೡ ൌ ܥ௩௉௧ οݐ; 
when ߠ ൌ ଵଶ, ܫ஼ೡ ൌ
ଵ
ଶ ൫ܥ௩௉
௧ାο௧ ൅ ܥ௩௉௧ ൯οݐ; 
when ߠ ൌ ͳ, ܫ஼ೡ ൌ ܥ௩௉௧ାο௧οݐ. 
Similarly, the time integral of ܥ௩ௐ and ܥ௩ா can be easily obtained. Combining Equation 
(4-51) and (4-53), 
൫ܥ௩௉௧ାο௧ െ ܥ௩௉௧ ൯οܸ
ൌ െͳʹ ൛ݑ௘ܣ௘ൣߠ൫ܥ௩௉
௧ାο௧ ൅ ܥ௩ா௧ାο௧൯ ൅ ሺͳ െ ߠሻ൫ܥ௩௉௧ ൅ ܥ௩ா௧ ൯൧
െ ݑ௪ܣ௪ൣߠ൫ܥ௩ௐ௧ାο௧ ൅ ܥ௩௉௧ାο௧൯ ൅ ሺͳ െ ߠሻ൫ܥ௩ௐ௧ ൅ ܥ௩௉௧ ൯൧ൟ ή οݐ
൅ ቊ൬ܦ௩߬ ൰௘ ܣ௘ ቈߠ
ܥ௩ா௧ାο௧ െ ܥ௩௉௧ାο௧
ߜݔ௉ா ൅ ሺͳ െ ߠሻ
ܥ௩ா௧ െ ܥ௩௉௧
ߜݔ௉ா ቉
െ ൬ܦ௩߬ ൰௪ ܣ௪ ቈߠ
ܥ௩௉௧ାο௧ െ ܥ௩ௐ௧ାο௧
ߜݔௐ௉ ൅ ሺͳ െ ߠሻ
ܥ௩௉௧ െ ܥ௩ௐ௧
ߜݔௐ௉ ቉ቋ ή οݐ
൅ ο݉௩തതതതതത߂ܸ߂ݐሺͶ െ ͷͶሻ 
Each term is divided by οݐ, then 
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൫ܥ௩௉௧ାο௧ െ ܥ௩௉௧ ൯
οܸ
οݐ
ൌ െͳʹ ൛ݑ௘ܣ௘ൣߠ൫ܥ௩௉
௧ାο௧ ൅ ܥ௩ா௧ାο௧൯ ൅ ሺͳ െ ߠሻ൫ܥ௩௉௧ ൅ ܥ௩ா௧ ൯൧
െ ݑ௪ܣ௪ൣߠ൫ܥ௩ௐ௧ାο௧ ൅ ܥ௩௉௧ାο௧൯ ൅ ሺͳ െ ߠሻ൫ܥ௩ௐ௧ ൅ ܥ௩௉௧ ൯൧ൟ
൅ ቊ൬ܦ௩߬ ൰௘ ܣ௘ ቈߠ
ܥ௩ா௧ାο௧ െ ܥ௩௉௧ାο௧
ߜݔ௉ா ൅ ሺͳ െ ߠሻ
ܥ௩ா௧ െ ܥ௩௉௧
ߜݔ௉ா ቉
െ ൬ܦ௩߬ ൰௪ ܣ௪ ቈߠ
ܥ௩௉௧ାο௧ െ ܥ௩ௐ௧ାο௧
ߜݔௐ௉ ൅ ሺͳ െ ߠሻ
ܥ௩௉௧ െ ܥ௩ௐ௧
ߜݔௐ௉ ቉ቋ
൅ ο݉௩തതതതതത߂ܸሺͶ െ ͷͷሻ 
Equation (4-55) is rearranged based on the water vapour concentration in the nodes ‘ܲ’, 
‘ܹ’ and ‘ܧ’,  
ܥ௩௉௧ାο௧ ൤
οܸ
οݐ ൅
ͳ
ʹݑ௘ܣ௘ߠ െ
ͳ
ʹݑ௪ܣ௪ߠ ൅ ൬
ܦ௩
߬ ൰௘
ܣ௘ߠ
ߜݔ௉ா ൅ ൬
ܦ௩
߬ ൰௪
ܣ௪ߠ
ߜݔௐ௉൨
ൌ ܥ௩௉௧ ቈ
οܸ
οݐ െ
ͳ
ʹݑ௘ܣ௘ሺͳ െ ߠሻ ൅
ͳ
ʹݑ௪ܣ௪ሺͳ െ ߠሻ െ ൬
ܦ௩
߬ ൰௘
ܣ௘ሺͳ െ ߠሻ
ߜݔ௉ா
െ ൬ܦ௩߬ ൰௪
ܣ௪ሺͳ െ ߠሻ
ߜݔௐ௉ ቉ ൅ ܣ௘ൣߠܥ௩ா
௧ାο௧ ൅ ሺͳ െ ߠሻܥ௩ா௧ ൧ ൤൬
ܦ௩
߬ ൰௘
ͳ
ߜݔ௉ா െ
ͳ
ʹݑ௘൨
൅ ܣ௪ൣߠܥ௩ௐ௧ାο௧ ൅ ሺͳ െ ߠሻܥ௩ௐ௧ ൧ ൤൬
ܦ௩
߬ ൰௪
ͳ
ߜݔௐ௉ ൅
ͳ
ʹݑ௪൨ ൅ ο݉௩തതതതതത߂ܸሺͶ െ ͷ͸ሻ 
After normalization, Equation (4-56) is converted to be 
ܽ௉௧ାο௧ܥ௩௉௧ାο௧ ൌ ሾܽ௉௧ െ ሺͳ െ ߠሻሺܽாᇱ ൅ ܽௐᇱ ሻሿܥ௩௉௧ ൅ ܽாൣߠܥ௩ா௧ାο௧ ൅ ሺͳ െ ߠሻܥ௩ா௧ ൧
൅ ܽௐൣߠܥ௩ௐ௧ାο௧ ൅ ሺͳ െ ߠሻܥ௩ௐ௧ ൧ ൅ ܾሺͶ െ ͷ͹ሻ 
where 
ܽா ൌ ൬
୴
ɒ ൰௘
ୣ
ߜݔ௉ா െ
ͳ
ʹݑ௘ୣ 
ܽௐ ൌ ൬
୴
ɒ ൰௪
୵
ߜݔௐ௉ ൅
ͳ
ʹݑ௪ୣ 
ܽாᇱ ൌ ൬
୴
ɒ ൰௘
ୣ
ߜݔ௉ா ൅
ͳ
ʹݑ௘ୣ 
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ܽௐᇱ ൌ ൬
୴
ɒ ൰௪
୵
ߜݔௐ௉ െ
ͳ
ʹݑ௪୵ 
ܽ௉௧ ൌ
οܸ
οݐ  
ܽ௉௧ାο௧ ൌ ܽ௉௧ ൅ ߠሺܽாᇱ ൅ ܽௐᇱ ሻ 
ܾ ൌ ο݉௩തതതതതത߂ܸ 
The specific form of the discretization equation depends on the value of weighing factor ߠ.  
The following remarks hold 
ߠ ൌ Ͳ results in the fully explicit scheme; 
ߠ ൌ ͳȀʹ results in the Crank-Nicolson (C-N) scheme; 
ߠ ൌ ͳ results in the fully implicit scheme. 
For the fully explicit scheme, the source term ܾ is dealt by linear treatment, ܾ ൌ ܵ௨ ൅
ܵ௣୴௉௧  and ߠ ൌ Ͳ, Equation (4-57) is changed to: 
ܽ௉௧ାο௧୴௉௧ାο௧ ൌ ൣܽ௉௧ െ ൫ܽாᇱ ൅ ܽௐᇱ െ ܵ௣൯൧୴௉௧ ൅ ܽா୴ா௧ ൅ ܽௐ୴ௐ௧ ൅ ܵ௨ሺͶ െ ͷͺሻ 
where ܽ௉௧ାο௧ ൌ ܽ௉௧ ൌ ο௏ο௧ . 
Only the temperatures at previous time exist on the right side of Equation (4-58), which is 
called backward difference time approximation. 
For the Crank-Nicolson scheme, the source term ܾ is dealt with by linear treatment, ൌ
ܵ௨ ൅ ௌ೛େ౬ು
೟
ଶ  and ߠ ൌ ͳȀʹ, so Equation (4-57) can be changed to: 
ܽ௉௧ାο௧୴௉௧ାο௧ ൌ ൤ܽ௉௧ െ
ͳ
ʹ ൫ܽா
ᇱ ൅ ܽௐᇱ െ ܵ௣൯൨ ୴௉௧ ൅ ܽா ቆ
୴ா௧ାο௧ ൅ ୴ா௧
ʹ ቇ ൅ ܽௐ ቆ
୴ௐ௧ାο௧ ൅ ୴ௐ௧
ʹ ቇ
൅ ܵ௨ሺͶ െ ͷͻሻ 
where ܽ௉௧ାο௧ ൌ ܽ௉௧ ൅ ଵଶ ሺܽாᇱ ൅ ܽௐᇱ ሻ. 
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Essentially, C-N scheme is the central difference of time. The calculation accuracy of C-N 
scheme can reach the second order deviation, which is higher than that of the fully explicit 
scheme. 
For the fully implicit scheme, the source term ܾ is dealt with by linear treatment, ܾ ൌ ܵ௨ ൅
ܵ௣୴௉௧ାο௧ and ߠ ൌ ͳ, Equation (4-57) then can be changed to: 
ܽ௉௧ାο௧୴௉௧ାο௧ ൌ ܽ௉௧ ୴௉௧ ൅ ܽா୴ா௧ାο௧ ൅ ܽௐ୴ௐ௧ାο௧ ൅ ܵ௨ሺͶ െ ͸Ͳሻ 
where ܽ௉௧ାο௧ ൌ ܽ௉௧ ൅ ܽாᇱ ൅ ܽௐᇱ െ ܵ௣. 
The water vapour concentration at time ݐ ൅ οݐ is appeared on both sides of Equation (4-60); 
therefore the initial water vapour concentration distribution ୴௉௧  should be clear before 
solving. The calculation accuracy of the fully implicit scheme is only the first order deviation; 
to ensure the accuracy, the time step should be smaller. Due to good stability and 
convergence, the fully implicit scheme is used widely in solving unsteady problems.  
The one dimensional fully implicit scheme can be easily generalized to solve the high-
dimensional problem. The three dimensional transient control equation is   
߲ܥ௩
߲ݐ ൌ െ ൤
߲
߲ݔ ሺݑ௫ܥ௩ሻ ൅
߲
߲ݕ ൫ݑ௬ܥ௩൯ ൅
߲
߲ݖ ሺݑ௭ܥ௩ሻ൨
൅ ൤ ߲߲ݔ ൬
ܦ௩
߬
߲ܥ௩
߲ݔ ൰ ൅
߲
߲ݕ ൬
ܦ௩
߬
߲ܥ௩
߲ݕ ൰ ൅
߲
߲ݖ ൬
ܦ௩
߬
߲ܥ௩
߲ݖ ൰൨ ൅ ο݉௩ሺͶ െ ͸ͳሻ 
Equation (4-61) is integral in the control volume and the discretization equation is 
ܽ௉௧ାο௧୴௉௧ାο௧ ൌ ܽ௉௧ ୴௉௧ ൅ ܽா୴ா௧ାο௧ ൅ ܽௐ୴ௐ௧ାο௧ ൅ ܽே୴ே௧ାο௧ ൅ ܽௌ୴ௌ௧ାο௧ ൅ ்ܽ୴்௧ାο௧
൅ ܽ஻୴஻௧ାο௧ ൅ ܵ௨ሺͶ െ ͸ʹሻ 
where ο݉௩തതതതതത߂ܸ ൌ ܵ௨ ൅ ܵ௣ܥ௩௉௧ାο௧ 
The values of the coefficients in Equation (4-62) are shown in Table 4-2. Actually, the 
discretization of the terms on the right side of Equation (4-61) is the same as that in the 
steady case. Only the term on the left side relates to time.  
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Table 4-2 Coefficients in transient mass conservation discretization equations  
 1D 2D 3D 
ܽா ൬ܦ௩߬ ൰௘
ܣ௘
ߜݔ௉ா െ
ͳ
ʹݑ௘ܣ௘ ൬
ܦ௩
߬ ൰௘
ܣ௘
ߜݔ௉ா െ
ͳ
ʹݑ௫௘ܣ௘  ൬
ܦ௩
߬ ൰௘
ܣ௘
ߜݔ௉ா െ
ͳ
ʹݑ௫௘ܣ௘ 
ܽாᇱ  ൬ܦ௩߬ ൰௘
ܣ௘
ߜݔ௉ா ൅
ͳ
ʹݑ௘ܣ௘ ൬
ܦ௩
߬ ൰௘
ܣ௘
ߜݔ௉ா ൅
ͳ
ʹݑ௫௘ܣ௘  ൬
ܦ௩
߬ ൰௘
ܣ௘
ߜݔ௉ா ൅
ͳ
ʹݑ௫௘ܣ௘ 
ܽௐ ൬ܦ௩߬ ൰௪
ܣ௪
ߜݔௐ௉ ൅
ͳ
ʹݑ௪ܣ௪ ൬
ܦ௩
߬ ൰௪
ܣ௪
ߜݔௐ௉ ൅
ͳ
ʹݑ௫௪ܣ௪ ൬
ܦ௩
߬ ൰௪
ܣ௪
ߜݔௐ௉ ൅
ͳ
ʹݑ௫௪ܣ௪ 
ܽௐᇱ  ൬ܦ௩߬ ൰௪
ܣ௪
ߜݔௐ௉ െ
ͳ
ʹݑ௪ܣ௪ ൬
ܦ௩
߬ ൰௪
ܣ௪
ߜݔௐ௉ െ
ͳ
ʹݑ௫௪ܣ௪ ൬
ܦ௩
߬ ൰௪
ܣ௪
ߜݔௐ௉ െ
ͳ
ʹݑ௫௪ܣ௪ 
ܽே — ൬ܦ௩߬ ൰௡
ܣ௡
ߜݔ௉ே െ
ͳ
ʹݑ௬௡ܣ௡ ൬
ܦ௩
߬ ൰௡
ܣ௡
ߜݔ௉ே െ
ͳ
ʹݑ௬௡ܣ௡ 
ܽேᇱ  — ൬ܦ௩߬ ൰௡
ܣ௡
ߜݔ௉ே ൅
ͳ
ʹݑ௬௡ܣ௡ ൬
ܦ௩
߬ ൰௡
ܣ௡
ߜݔ௉ே ൅
ͳ
ʹݑ௬௡ܣ௡ 
ܽௌ — ൬ܦ௩߬ ൰௦
ܣ௦
ߜݔௌ௉ ൅
ͳ
ʹݑ௬௦ܣ௦ ൬
ܦ௩
߬ ൰௦
ܣ௦
ߜݔௌ௉ ൅
ͳ
ʹݑ௬௦ܣ௦ 
ܽௌᇱ  — ൬ܦ௩߬ ൰௦
ܣ௦
ߜݔௌ௉ െ
ͳ
ʹݑ௬௦ܣ௦ ൬
ܦ௩
߬ ൰௦
ܣ௦
ߜݔௌ௉ െ
ͳ
ʹݑ௬௦ܣ௦ 
்ܽ — — ൬ܦ௩߬ ൰௧
ܣ௧
ߜݔ௉் െ
ͳ
ʹݑ௭௧ܣ௧ 
ܽᇱ்  — — ൬ܦ௩߬ ൰௧
ܣ௧
ߜݔ௉் ൅
ͳ
ʹݑ௭௧ܣ௧ 
ܽ஻ — — ൬ܦ௩߬ ൰௕
ܣ௕
ߜݔ஻௉ ൅
ͳ
ʹݑ௭௕ܣ௕ 
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ܽ஻ᇱ  — — ൬ܦ௩߬ ൰௕
ܣ௕
ߜݔ஻௉ െ
ͳ
ʹݑ௭௕ܣ௕ 
ܽ௉௧  οݔ
οݐ  
οݔοݕ
οݐ  
οݔοݕοݖ
οݐ  
ܽ௉௧ାο௧ ܽ௉௧ ൅ ܽாᇱ ൅ ܽௐᇱ െ ܵ௉ ܽ௉௧ ൅ ܽாᇱ ൅ ܽௐᇱ ൅ ܽேᇱ
൅ ܽௌᇱ െ ܵ௉ 
ܽ௉௧ ൅ ܽாᇱ ൅ ܽௐᇱ ൅ ܽேᇱ ൅ ܽௌᇱ
൅ ܽᇱ் ൅ ܽ஻ᇱ
െ ܵ௉ 
4.3.2    Discretization of elementary energy conservation equation 
The governing differential equation of energy transfer phenomenon is shown in Equation 
(4-16), which will also be discretised in steady and transient cases. 
ܿ௩
߲ܶ
߲ݐ ൌ െߝݑܿ௩௔ߘܶ ൅ ߣߘ
ଶܶ ൅ ߘܨ ൅ ߢ߁ሺͶ െ ͳ͸ሻ 
3.3.2.1    Steady case 
The steady governing differential equation is 
െߝݑܿ௩௔ߘܶ ൅ ߣߘଶܶ ൅ ߘܨ ൅ ߢ߁ ൌ ͲሺͶ െ ͸͵ሻ 
For one dimensional, two dimensional and three dimensional cases, Equation (4-63) can be 
separately expressed as: 
ߝݑ௩௔
߲ܶ
߲ݔ ൌ ߣ
߲ଶܶ
߲ݔଶ ൅ ܵሺͳܦሻሺͶ െ ͸Ͷ െ ܽሻ 
൤ ߲߲ݔ ሺߝܿ௩௔ݑ௫ܶሻ ൅
߲
߲ݕ ൫ߝܿ௩௔ݑ௬ܶ൯൨
ൌ ߲߲ݔ ൬ߣ௫
߲ܶ
߲ݔ൰ ൅
߲
߲ݕ ൬ߣ௬
߲ܶ
߲ݕ൰ ൅ ܵሺʹሻሺͶ െ ͸Ͷ െ ܾሻ 
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൤ ߲߲ݔ ሺߝܿ௩௔ݑ௫ܶሻ ൅
߲
߲ݕ ൫ߝܿ௩௔ݑ௬ܶ൯ ൅
߲
߲ݖ ሺߝܿ௩௔ݑ௭ܶሻ൨
ൌ ߲߲ݔ ൬ߣ௫
߲ܶ
߲ݔ൰ ൅
߲
߲ݕ ൬ߣ௬
߲ܶ
߲ݕ൰ ൅
߲
߲ݖ ൬ߣ௭
߲ܶ
߲ݖ൰ ൅ ܵሺ͵ሻሺͶ െ ͸Ͷ െ ܿሻ 
ߣ௫, ߣ௬ and ߣ௭ can be the same or not. For simplification, it is supposed that 
ߣ௫ ൌ ߣ௬ ൌ ߣ௭ ൌ ߣ, ܵ is treated as a source term, where ܵ ൌ ߚܨ௅ ൅ ߚܨோ െ ʹߪܶସ ൅ ɈȞ. 
As the same discretization method used in steady mass conservation equation, Equation (4-
64) is integral in the control volume and the discretization equation is 
ܽ௉ ௉ܶ ൌ ܽௐ ௐܶ ൅ ܽா ாܶ ൅ ܽௌ ௌܶ ൅ ܽே ேܶ ൅ ܽ஻ ஻ܶ ൅ ்ܽ ்ܶ ൅ ܵ௨ሺͶ െ ͸ͷሻ 
where ܵҧοܸ ൌ ܵ௨ ൅ ܵ௣௉ , ܵ  is the mean intensity of the source term. The values of the 
coefficients in Equation (4-65) are shown in Table 4-3.  
Table 4-3 Coefficients in steady energy conservation discretization equations 
 1D 2D 3D 
ܽௐ ߣ௪
ܣ௪
ߜݔௐ௉ ൅
ͳ
ʹ ߝܿ௩௔ݑ௪ܣ௪ ߣ௪
ܣ௪
ߜݔௐ௉ ൅
ͳ
ʹ ߝܿ௩௔ݑ௫௪ܣ௪ ߣ௪
ܣ௪
ߜݔௐ௉ ൅
ͳ
ʹ ߝܿ௩௔ݑ௫௪ܣ௪ 
ܽா ߣ௘
ܣ௘
ߜݔ௉ா െ
ͳ
ʹ ߝܿ௩௔ݑ௘ܣ௘ ߣ௘
ܣ௘
ߜݔ௉ா െ
ͳ
ʹ ߝܿ௩௔ݑ௫௘ܣ௘ ߣ௘
ܣ௘
ߜݔ௉ா െ
ͳ
ʹ ߝܿ௩௔ݑ௫௘ܣ௘ 
ܽௌ — ߣ௦
ܣ௦
ߜݔௌ௉ ൅
ͳ
ʹ ߝܿ௩௔ݑ௬௦ܣ௦ ߣ௦
ܣ௦
ߜݔௌ௉ ൅
ͳ
ʹ ߝܿ௩௔ݑ௬௦ܣ௦ 
ܽே — ߣ௡
ܣ௡
ߜݔ௉ே െ
ͳ
ʹ ߝܿ௩௔ݑ௬௡ܣ௡ ߣ௡
ܣ௡
ߜݔ௉ே െ
ͳ
ʹ ߝܿ௩௔ݑ௬௡ܣ௡ 
ܽ஻ — — ߣ௕
ܣ௕
ߜݔ஻௉ ൅
ͳ
ʹ ߝܿ௩௔ݑ௭௕ܣ௕ 
்ܽ — — ߣ௧
ܣ௧
ߜݔ௉் െ
ͳ
ʹ ߝܿ௩௔ݑ௭௧ܣ௧ 
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ܽ௉ ܽௐ ൅ ܽா ൅ ߝܿ௩௔ݑ௘ܣ௘
െ ߝܿ௩௔ݑ௪ܣ௪ െ ܵ௣ 
ܽௐ െ ߝܿ௩௔ݑ௫௪ܣ௪ ൅ ܽா
൅ ߝܿ௩௔ݑ௫௘ܣ௘ ൅ ܽௌ
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4.3.2.2    Transient case 
The transient governing differential equation is 
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For one dimensional, two dimensional and three dimensional cases, Equation (4-17) can be 
separately expressed as: 
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As the same discretization method used in transient mass conservation equation, Equation 
(4-66) is integral in the control volume and the fully implicit scheme discretization equation 
is 
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where ௉ܶ௧ is the temperature at position ܲ and time ݐ; ௉ܶ௧ାο௧ is the temperature at position ܲ 
and time ݐ ൅ οݐ; the source term ܵ is dealt by linear treatment,  ܵҧοܸ ൌ ܵ௨ ൅ ܵ௣ ௉ܶ௧ାο௧. The 
values of the coefficients in Equation (4-67) are shown in Table 4-4.  
Table 4-4 Coefficients in transient energy conservation discretization equation 
 1D 2D 3D 
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4.4    CFD simulation of the heat transfer process 
The commercial CFD code CFX 16.0 from ANSYS Inc. 151 was used for simulating the 
heat transfer process through the silkworm cocoon wall in the flow field.  
The governing equations describing the process are the unsteady Navier-Stokes equations 
in their conservation form, which are solved by the finite volume method. The general 
Navier-Stokes equation can be expressed as 145: 
߲ݑ
߲ݐ ൅ ݑ ή ׏ݑ ൌ െ
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where ݑ  is the flow velocity; ߩ  is the fluid density; ݌  is the pressure; ߬  is the deviatoric 
component of the total stress tensor; ݂ represents the body forces (per unit quality) acting on 
the fluid; ׏ is the Nabla operator.  
K-epsilon (k-ε) turbulence model is used to simulate mean flow characteristics for turbulent 
flow conditions. k is the turbulence kinetic energy and is defined as the variance of the 
fluctuations in velocity. ε is the turbulence eddy dissipation. The values of k and ε can be 
obtained directly from the differential transport equations (4-69) and (4-70) 152. 
For turbulent kinetic energy k, 
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For turbulence eddy dissipation ε, 
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where ߤ is the molecular viscosity; ߤ௧ is the turbulent viscosity; ௞ܲ is the turbulence 
production due to viscous forces; ௞ܲ௕ and ఌܲ௕ represent the influence of the buoyancy forces; 
ܥఌଵ, ܥఌଶ, ߪ௞ and ߪఌ are k-ε turbulence model constants.  
The model aims at understanding how the micro-structure of cocoon wall affects the heat 
transfer process through it. Due to the complexity of the fibrous microstructure of the cocoon 
wall, the two-dimensional cross-section is used in simulation, which consumes great amount 
of time in mesh and calculation. For simulation, the following assumptions are introduced: 
(1) The cocoon wall is homogeneous in terms of fibre arrangement and material properties; 
(2) The air is ideal gas and the main direction of flow is along the outer surface of the 
cocoon; 
(3) No shrinking, expansion or movement of the cocoon structure occurs during heat 
transfer; 
(4) The air channels are much larger than the mean free path of the fluid molecules thus the 
continuum hypothesis holds. 
4.4.1    The model for the A. pernyi cocoon 
A two dimensional model based on a rectangular piece of the A. pernyi cocoon wall using 
its geometrical configuration (Figure 4-6a) was built to simulate the heat transfer process 
through the cocoon wall, with less required simulation time and operational capability. The A. 
pernyi cocoon model was built in a Cartesian coordinate system in which the origin is located 
in the middle of the outer surface of the cocoon wall. The cross-section of the A. pernyi 
cocoon wall is composed of three main sections, i.e. the outer section, the middle section and 
the inner section. The cross-sectional dimensions of silk fibres in each section were defined 
according to the average values of measured data from the SEM image (Figure 4-6b).  
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Figure 4-6 The A. pernyi cocoon wall model constructed according to the original A. pernyi 
cocoon wall structure. (a) Geometrical configuration of the model (the cross-section of the 
silk fibres is shown elliptical and the fibre gaps form the channel for air flow); (b) SEM 
image of the cocoon wall structure  
Table 4-5 The geometrical parameters used for the 2D model of the A. pernyi cocoon wall 
 Width (μm) 
Length 
(μm) 
Gap distance 
in width 
direction (μm) 
Gap distance 
in length 
direction (μm) 
Total 
number of 
rows 
Inner layer region 10 80 5 15 5 
Middle layer region 11 40 9 20 12 
Outer layer region 20 92 16 36 4 
In the A. pernyi cocoon model, the silk fibres in each section have identical geometrical 
configuration and are arranged in a regular manner. The cross-section of silk fibres was 
simulated with an ellipse shape. The parameters to define the cocoon wall structure include 
the length and the width of the silk fibre cross-section, the gap between two adjacent fibres 
along the length direction (x-axis) and along the width direction (y-axis), the location offset 
values between the adjacent rows and the total number of rows in each section. Table 4-5 
gives the geometrical parameter inputs into the A. pernyi cocoon model. Compared with silk 
fibroin and silk sericin, the percentage of the mineral crystals is trivial. However, the mineral 
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crystals roughen the surface of the silk fibres that have significant influence on the air flow 
around them. In order to investigate the functions of the mineral crystals, numerous 
embossments with the height about 1 μm were added onto the surface of silk fibres in the 
outer section of the cocoon wall to model the crystals.  
The porosity of the 2D A. pernyi cocoon model is 0.66, which compares well with the 
tested data 0.67±0.030 48. The thickness of the 2D A. pernyi cocoon model (the distance 
along the y-axis direction) is 450 μm, which is similar to the data 430±70 μm recorded from 
the A. pernyi cocoon in reference 45. The length of the A. pernyi cocoon model (the distance 
along the x-axis direction) is 600 μm. To model the surroundings inside the A. pernyi cocoon, 
a space with thickness of 100 μm was extended from the inner surface of the A. pernyi cocoon. 
To model the surroundings outside the A. pernyi cocoon, a space with the thickness of 310 
μm was extended from the outer surface of the A. pernyi cocoon. To connect the mesh in the 
A. pernyi cocoon wall and the main flow domain, a transition domain with a thickness of 10 
μm was built between these two regions. The A. pernyi model does not distinguish the silk 
fibroin from sericin and the silk fibres were treated as a whole in the model. In the geometry 
of the A. pernyi cocoon model, four points (a1-a4) were placed on the outer surface (shown in 
Figure 4-6a). The projected locations of these 4 points (a1-a4) were in the centre of the first 
plane of fibres, in the middle of two adjacent fibres. The other 4 points (b1-b4) were placed 
on the inner surface with the same corresponding X-axis values as the outer surface.  
In the mesh process, the “CFD” was chosen as the physics preference; the “CFX” was 
chosen as the solver preference; the “Curvature” was chosen as the advanced size function; 
the minimum size of the single grid was controlled to be no less than 5.19×10-7 m; the 
maximum size of the single grid was controlled to be no more than 1.04×10-4 m. The mesh 
results show that the number of the elements is 99729 and the number of nodes is 197804. 
The mesh of the A. pernyi model is shown in Figure 4-7. 
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Figure 4-7 The mesh and boundary conditions of the A. pernyi model 
4.4.2    The model for the B. mori cocoon 
Similar to the method used in the A. pernyi cocoon model, a two dimensional model was 
built to simulate the heat transfer process through the B. mori cocoon wall in the Cartesian 
coordinate system in which the origin is located in the middle of the outer surface of the B. 
mori cocoon wall (Figure 4-8a). In the model, the cross section of the B. mori cocoon is 
composed of five main sections, i.e. section 1 to section 5, which are shown in Figure 4-8b.  
The cross-sectional shape of silk fibres in each section was defined according to the average 
values of measured data from the SEM image. The silk fibres in each section have identical 
geometrical configuration and are arranged in a regular manner. The model does not 
distinguish the silk fibroin from the silk sericin; the twin silk fibres include the silk fibroin 
and the silk sericin are treated as a whole in the model. In each section, the cross section of 
silk fibres can be seen as ellipse with different sizes. The parameters used to define the 
cocoon structure include the length and the width of the cross section of silk fibres, the gap 
distance between two adjacent fibres along the length direction (x-axis) and along the width 
direction (y-axis), the location offset values between adjacent rows, and the total number of 
rows in each section. Table 4-6 shows the geometrical parameters inputted in the model.  
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Table 4-6 The geometrical parameters used for the 2D model of the B. mori cocoon wall 
  Section 1 Section 2 Section 3 Section 4 Section 5 
Width (μm) 6 9 11 12 13 
Length (μm) 26 30 30 33 36 
Width direction gap 
Distance (μm) 7 18 16 13 24 
Length direction gap 
distance (μm) 9 12 22 30 44 
Total number of rows 4 3 3 4 3 
The gap distance between section 1 and section 2 along width direction is set to be 14 μm; 
the gap distance between section 2 and section 3 along width direction is set to be 15 μm; the 
gap distance between section 3 and section 4 along width direction is set to be 14 μm; the gap 
distance between section 4 and section 5 along width direction is set to be 20 μm. The 
thickness of the B. mori cocoon model (along y-axis direction) is 410 μm, which is similar to 
the data 400±10 μm recorded from the B. mori cocoon in reference 45. The length of the 
model (along x-axis direction) is 600 μm. To model the surroundings inside of the B. mori 
cocoon, a space with the length of 100 μm is extended from the inner edge of the B. mori 
cocoon. To model the surroundings outside of B. mori cocoon, a space with the length of 300 
μm is extended from the outer edge of the B. mori cocoon. The porosity of the B. mori cocoon 
in the model is 81.3%, which is in accordance with the porosity of the real B. mori cocoon 48. 
In the geometry of the B. mori cocoon model, seven points (c1-c7) were placed on the outer 
surface (shown in Figure 4-8a). The projected locations of these 7 points (c1-c7) were in the 
centre of the first plane of fibres, in the middle of two adjacent fibres. The other 7 points (d1-
d7) were placed on the inner surface with the same corresponding X-axis values as the outer 
surface.  
In the mesh process, the “CFD” was chosen as the physics preference; the “CFX” was 
chosen as the solver preference; the “Curvature” was chosen as the advanced size function; 
the minimum size of the single grid was controlled to be no less than 1.39×10-7 m; the 
maximum size of the single grid was controlled to be no more than 2.78×10-5 m. The mesh 
results show that the number of the elements is 106863 and the number of nodes is 213172. 
The mesh of the B. mori model is shown in Figure 4-9. 
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Figure 4-8 The B. mori cocoon wall model constructed according to the original cocoon wall 
structure. a) Geometrical configuration of the model (the cross-section of the silk fibres is 
shown elliptical and the fibre gaps form the channel for air flow); b) SEM image of the 
cocoon wall structure 
 
Figure 4-9 The mesh and boundary conditions of the B. mori model 
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4.4.3    Physical parameters of silk fibres 
The cocoon is composed of the silk and air; sometimes liquid water and ice also exist in 
the cocoon. Liquid water and ice are neglected in calculating these three parameters. The silk 
is composed of the silk fibroin and sericin 34. For the A. pernyi cocoon, the silk fibroin 
constitutes about 90% of the silk 153. Compared with silk fibroin and sericin, the weight of the 
crystals is trivial. Therefore, in the model, in order to calculate the density of the silk, the silk 
was defined with 90% silk fibroin and 10% sericin by weight briefly. For the B. mori cocoon, 
the silk fibroin constitutes over 70% of the silk 35,153. For simplicity, the silk is set as having 
75% silk fibroin and 25% sericin in numerical calculation. The silk fibroin and sericin are 
defined to be connected closely and no air exists between them. 
4.4.3.1    Density 
The pure density of the silk fibroin is 1350kg/m3 154-156. The density of the sericin is 1383 
kg/m3 157. As a result, the density of the silk was calculated as 
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where ߩ௦௜௟௞ି஺Ǥ௣௘௥௡௬௜ is the density of A. pernyi silk fibre; ߩ௦௜௟௞ି஻Ǥ௠௢௥௜ is the density of B. mori 
silk fibre; ߩ௙௜௕௥௢௜௡ is the density of silk fibroin; ߩ௦௘௥௜௖௜௡ is the density of sericin. 
The result of Equation (4-71a), 1353 kg/m3 was used as the density of the A. pernyi silk. 
The result of Equation (4-71b), 1358 kg/m3 was used as the density of the B. mori silk. The 
density of calcium oxalate, 2120 kg/m3 was used as the density of mineral crystals 158.  
4.4.3.2    Heat capacity 
The heat capacity of the silk fibroin was calculated by the following equation from 
reference 159: 
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when T equals to 300 K, the heat capacity of the silk fibroin is 1243 J/ (kg·K). Since the 
silk fibroin is the main component of the silk, the heat capacity of the silk fibroin was used as 
heat capacity of the silk. 
The heat capacity of the mineral crystals is 1043 J/ (kg·K) 160. 
4.4.3.3    Thermal conductivity 
Thermal conductivity of the silk fibre along the direction of cocoon wall is related to the 
position of the silk fibres. Therefore, in the model, the thermal conductivity of the cross-
section of the silk fibres is between 0.8302 W/(m·K) to 0.1557 W/(m·K) 33. In the present 
work, thermal conductivity of silk fibres is calculated by the following method.  
The effective thermal conductivity ߣሺݔǡ ݐሻof porous media is influenced by its constituents 
in solid, liquid and gas phases and therefore is a function of many parameters such as 
porosity, water content, saturation degree, phase change of water. Tong et al. 146 developed an 
effective thermal conductivity model for the simulation of thermo-hydro-mechanical 
processes of the porous media. Their calculation is listed as follows:  
ߣ௦ି௚ ൌ ߟଵሺͳ െ ɂሻߣ௦ ൅ ߟଵɂߣ௚ ൅ ሺͳ െ ߟଵሻ ߣ௦ߣ௚ ൫ɂߣ௦ ൅ ሺͳ െ ɂሻߣ௚൯Τ ሺͶ െ ͹͵ሻ 
where ߟଵ is the coefficient which depends only on the pore structure of the solid-gas mixture, 
and can be calculated by ߟଵ ൌ ͲǤͲ͸ͻʹɂି଴Ǥ଻଼ଷଵ ; ߣ௦ି௚  is the thermal conductivity of the 
composite material; ߣ௦ is the thermal conductivity of the silk; ߣ௚ is the thermal conductivity 
of the air.  
The thermal conductivity of the A. pernyi and B. mori cocoons were measured in reference 
6. Since the thermal conductivity changes with temperature, the average values were used for 
modelling, i.e. 0.05 W/ (m·K) for the A. pernyi cocoon and 0.035 W/ (m·K) for the B. mori 
cocoon. The values are from the cocoon, which are composite materials. When the 
temperature is 293 K, the pressure is 101325 Pa, the thermal conductivity of air is 0.0265 
W/(m·K) 161. 
Therefore, the thermal conductivity of the silk can be calculated similarly by Equation 4-73 
and the values of 0.41 W/ (m·K) for A. pernyi silk fibres and 0.28 W/ (m·K) for B. mori silk 
fibres were used in the model. 
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The thermal conductivity of the mineral crystals, 0.22 W/ (m·K) was used in the model 6. 
4.4.4    Initial and boundary conditions 
The initial pressure of the air in the model was set as zero and the initial temperature in the 
model was taken from the temperature values at the beginning of each experiment. The 
boundary conditions of the A. pernyi cocoon model are shown in Figure 4-7 and the boundary 
conditions of the B. mori cocoon model are shown in Figure 4-9. The surrounding 
temperature varies with time and can be described as ௦ܶሺݐሻ. The inlet temperature and wind 
velocity were taken from the experimental data and the relative pressure of outlet was zero. 
The opposite side of the cocoon wall in the surrounding was set as “free-slip” wall to neglect 
the viscous effect; the other faces except for interfaces were set as “symmetry” to indicate the 
symmetrical characteristic of the 2D model. 
4.5    CFD simulation of the moisture transfer process 
Transient, incompressible moisture flow through the A. pernyi cocoon wall was simulated 
using the commercial computational fluid dynamics (CFD) code CFX 16.0 from ANSYS Inc. 
151. The model aims at understanding how the microstructure of A. pernyi cocoon wall affects 
the moisture transfer process. The governing equations are the unsteady Navier-Stokes 
equations in their conservation form as shown in Equation (4-68). K-epsilon (k-ε) turbulence 
model is used to simulate mean flow characteristics for turbulent flow conditions.  
The fluid contains both dry air and water vapour. Each component has its own equation for 
conservation of mass. The tensor notation of this equation can be expressed in Equation (4-74) 
after Reynolds-averaging 152.  
߲ߩ෤௜
߲ݐ ൅
߲൫ߩ෤௜ ෩ܷ௝൯
߲ݔ௝ ൌ െ
߲
߲ݔ௝ ൫ߩ௜൫
෩ܷ௜௝ െ ෩ܷ௝൯ െ ߩపᇱᇱ ఫܷᇱᇱതതതതതതത൯ ൅ ௜ܵሺͶ െ ͹Ͷሻ 
where ߩ෤௜ is the mass-average density of fluid component ݅ in the mixture, i.e., the mass of the 
component per unit volume;  ෩ܷ௝ ൌ σ൫ߩ෤௜ ෩ܷ௜௝൯Ȁߩҧ is the mass-average velocity field; ෩ܷ௜௝ is the 
mass-average velocity of fluid component ݅; ߩ௜൫ ෩ܷ௜௝ െ ෩ܷ௝൯ is the relative mass flux; ௜ܵ is the 
source term for component ݅  , which includes the effects of chemical reactions. In this 
process, the sum of ௜ܵ equals to zero.  
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The moisture transfer process through the A. pernyi cocoon wall was simulated by ANSYS 
CFX. A 2D model was constructed to save lengthy simulation time. The geometry of the A. 
pernyi cocoon wall in the model was constructed based on the cross-section of the natural 
cocoon shown in Figure 4-10. The cross-section of the cocoon wall is divided into three main 
sections, i.e. the outer, middle and inner sections. In the model, the silk fibres in each section 
have identical geometrical configuration and are arranged in a regular manner. The cross- 
section of silk fibres was simulated with an elliptical shape. The parameters used to define the 
cocoon wall structure include the length and width of the cross-section of silk fibres, the gap 
distance between two adjacent fibres along the length direction (major axis) and along the 
width direction (minor axis), the location offset values between adjacent rows, and the total 
number of rows in each section, which are included in Table 4-5. The model was built in a 
Cartesian coordinate system. The origin is located in the middle of the outer row of the 
cocoon wall. The thickness of the cocoon wall in the model (the distance along the y-axis 
direction) is 450 μm. The length of the cocoon wall in the model (the distance along the x-
axis direction) was set as 2600 μm. A space with 4000 μm thickness next to the inner surface 
of the cocoon wall was built to simulate the surrounding environment inside the bottle. 
Therefore, the size of the testing device in the model was about eighth of its real shaft section. 
A space with 1000 μm thickness next to the outer surface of the cocoon wall was built to 
model the surroundings outside the bottle, in which “free-slip wall” was set on the boundary 
of the opposite side of the cocoon wall to model a wider surrounding. In the simulation, the 
air flows from the boundary “inlet” to the boundary “outlet”. 
For simulation, the following assumptions were introduced: 
(1) The A. pernyi cocoon wall is homogeneous in terms of fibre arrangement and material 
properties; 
(2) The fluid is composed of dry air and water vapour, and the main direction of flow is 
parallel to the outer surface of the cocoon; 
(3) No shrinking, expansion or movement of the cocoon structure occurs during moisture 
transfer; 
(4) The fluid channels are much larger than the mean free path of the fluid molecules thus 
the continuum hypothesis holds.  
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The initial pressure of the fluid in the model was set as zero and the temperature in the 
model was taken from the average experimental temperature. To set the boundary conditions 
of the model, the relative humidity was converted to be volume fraction. The moisture 
content can be calculated by relative humidity, as shown in Equation (3-4). The relationship 
between moisture concentration and moisture content is  
߶ ൌ ݀݀ ൅ ͳͲͲͲ  ή ߩሺͶ െ ͹ͷሻ 
Combining Equation (3-4) and Equation (4-75), the relationship between moisture 
concentration and relative humidity can be obtained in Equation (4-76), 
߶ ൌ ͸ʹʹ ή ݌௦ ή ߩͳͲͲͲ ή ݌
߮ െ ͵͹ͺ݌௦
ሺͶ െ ͹͸ሻ 
Then the volume fraction of water vapour is  
௩ܸ௔௣௢௨௥ ൌ
͸ʹʹ ή ݌௦ ή ߩ
ͳͲͲͲ ή ݌
߮ െ ͵͹ͺ݌௦
 ή ͳߩ௩௔௣௢௨௥ ሺͶ െ ͹͹ሻ 
where ߩ௩௔௣௢௨௥ is the density of water vapour. 
And the volume fraction of dry air is  
௔ܸ௜௥ ൌ ͳ െ ௩ܸ௔௣௢௨௥ሺͶ െ ͹ͺሻ 
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Figure 4-10 Geometrical configuration of the A. pernyi cocoon wall model (the cross-section 
of the silk fibres is shown elliptical and the air gaps form the channel for air flow) 
4.6    Summary 
Heat and moisture transfer and their interaction in porous silkworm cocoon wall were 
modelled. The basic structure of the cocoon wall in the model was expounded. To make the 
model calculation feasible, some assumptions of the model construction were made. The 
energy and mass conservation equations, which describe the heat and moisture transfer 
processes in silkworm cocoon walls as governing equations, were provided. The analysis of 
each term was introduced. The finite-volume method (FVM) was applied in the discretization 
of governing equations to obtain the numerical solution of the model. The steady and 
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transient conservation discretization equations, with one dimensional, two dimensional and 
three dimensional formats, were shown in detail.  
The heat and moisture transfer process through the A. pernyi and B. mori silkworm cocoon 
walls was simulated by using ANSYS software. The two dimensional geometries of the 
cocoon walls in the model were constructed based on the cross-section of the natural cocoons 
in ANSYS geometry software. The cross-section of the A. pernyi and B. mori cocoon walls 
were supposed to be composed of three and five main sections, respectively. The cross-
sectional dimensions of silk fibres in each section were defined according to the average 
values of measured data from the SEM image. The meshes of the cocoon model geometries 
were generated in ANSYS meshing software. The “CFD” was chosen as the physics 
preference; the “CFX” was chosen as the solver preference; the “Curvature” was chosen as 
the advanced size function. Finally, the initial and boundary conditions for the numerical 
calculation of the models were introduced. 
These models were further applied in Chapters 5, 6 and 7. In Chapters 5 and 6, the heat 
transfer model was used to understand the thermal insulation properties of the A. pernyi and B. 
mori silkworm cocoon walls; in Chapter 7, the moisture transfer model was applied to 
understand the moisture transfer characteristics of the A. pernyi cocoon wall. 
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Chapter 5 Heat transfer through the silkworm cocoon wall  
5.1    Introduction 
The silkworm cocoon is a light, porous multilayer structure, constructed from continuous 
twin silk filaments (fibroin) bonded by silk gum (sericin). The cocoon enhances the chance of 
survival of the pupa in cold environments by withstanding external low temperature during 
inactivity 1. The cocoon wall plays an important role in performing those protective functions.  
As a graded structure, the microstructure and mechanical properties of silk cocoons have 
been previously studied for enhancing the survival chance of silkworms against physical 
attack and environmental damage 2-5. However, very limited research has been conducted on 
the thermal protective properties and functions of silkworm cocoons. Zhang et al. examined 
the thermal insulation properties of different types of silkworm cocoons, i.e. the mulberry 
(from domestic Bombyx mori), eri (from domestic Samia cynthia) and tasar (from wild 
Antheraea pernyi and Antheraea mylitta) silkworm cocoons. The wild tasar cocoons 
exhibited lower thermal diffusivity than other cocoon types, as a result of calcium oxalate 
crystals which trapped the air inside the cocoon structure and enhanced the thermal stability 
of the cocoon assembly 6. Avazov recently reported a mathematical model to calculate 
temperatures at different positions in the thickness direction of domestic cocoon shell on 
exposure to IR radiation 50. Silk cocoons are exposed to heat or radiation prior to reeling of 
silk filament for textile processing. It is important not to have adverse impacts on silk fibre 
properties during such treatments. From such a perspective, Avazov’s model considered the 
heat absorption of the cocoon and pupae, the thermal conductivity of the cocoon shell, the 
temperature gradient between cocoon walls, and the inner and outer environment to calculate 
the cocoon shell temperature.  
To investigate the insulation properties of the porous fibrous materials, models were 
constructed to study the influence of relevant factors, such as geometrical structure and layer 
composition 162,163. The geometrical structures played an important role in the thermal 
insulation of the fibrous materials. For example, in the feathers of a penguin, the fineness of 
the barbules can decrease thermal convection and radiation effectively; furthermore, the 
special geometrical structure of the barbules helps to block radiative heat transmission from 
its surface, which contributes to the shielding of the radiative heat transmission through the 
penguin feathers.  These unique characteristics of penguin feathers make them an effective 
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thermal insulator to protect penguins from the extreme cold of the Antarctic. In addition, the 
thermal resistance of the porous materials could be effectively enhanced by adding an 
appropriate number of interlayers having the appropriate thickness. The optimum method is 
decided by the balance between the weakened conductive thermal resistance and the 
subsequent enhanced radiative thermal resistance. In general, these are: for relatively thick 
reflective interlayer, the thermal resistance is higher when the interlayer fibre volume fraction 
is lower; However, for very thin reflective interlayers, relatively high fibre volume fraction 
enhances thermal insulation.  
The principal function of clothing is to maintain the human body in an acceptable 
thermodynamic state under different environmental conditions and during various body 
activities 164. Thermal comfort is the most essential factor in maintaining the health and 
satisfaction of the wearer. At present, high thermal protection has been achieved using 
ceramic fibres or synthetic fibres coated or filled with inorganic fillers, such as zirconium 
magnesium oxide or iron oxide. Such materials are heavy and inflexible and have poor 
breathability, they are hence uncomfortable to wear. Understanding how wild silk cocoons 
maintain thermal comfort for the pupa residing inside provides a solid foundation for 
designing future flexible thermal functional materials.  
In this chapter, both experimental and numerical methods were used to study the thermal 
insulation properties and the heat transfer process of the wild A. pernyi and domestic B. mori 
cocoons under windy conditions. The thermal insulation properties of the A. pernyi and B. 
mori cocoons were compared. The cocoon wall structures were defined according to the 
actual structures of the A. pernyi and B. mori cocoons in the model. The important factors 
that can influence the heat transfer process through the cocoons, such as temperature (45ºC 
and 2ºC isothermal settings representing the warm and cold conditions), pressure, cocoon 
type and structure, have been studied by numerical simulation. The effect of mineral crystals 
deposited on the outer layer of the A. pernyi cocoon has also been investigated.   
5.2    Results and discussion 
5.2.1     Morphology of A. pernyi and B. mori silkworm cocoons 
The representative pictures of A. pernyi and B. mori silkworm cocoons are shown in Figure 
5-1. The silkworm cocoons possess an approximately spheroid shape. The length and width 
of the B. mori cocoons used were 34±1 and 19±1 mm, respectively, and the length and width 
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of the A. pernyi cocoons were 50±2 and 28±2 mm, respectively. The A. pernyi cocoon has a 
darker colour than the B. mori cocoon. The surface of A. pernyi cocoon appears coarser than 
the B. mori cocoon. Figures 5-2 and 5-3 present the planar morphology and the cross-section 
of the cocoon walls. A compact cocoon is formed when a silkworm wraps the bave around its 
body through the gyrating motion of its head and cyclically bends and stretches its body into 
different shapes 38,39.  
Silkworm cocoons have a porous multilayer structure that is constructed from continuous 
twin silk fibres arranged in a random manner. A silkworm cocoon can be considered as a 
porous matrix of sericin reinforced by randomly oriented continuous silk fibroin 34,35. Pores 
with different sizes are located between the silk filaments and they can be either 
interconnected or disconnected 36. Within the pores, gas and/or liquid can fill the space. The 
porous cocoon material can be viewed as a two-phase (gas-solid or liquid-solid) or three-
phase (gas, liquid and solid) material mixture, through which heat and mass flux can transfer.  
As the silk spinning continues towards the centre, the silk filaments become thinner and 
therefore the pores become smaller towards the cocoon interior, as indicated from the 
morphology of the outer surface, middle layer and inner surface in Figure 5-2. It has also 
been found that the silk fibres become stronger towards the inner layers of the cocoon, as a 
result of the increased crystallinity and molecular orientation of the silk polymer 28,165. In 
comparison with the B. mori cocoon, the A. pernyi silk fibres are wider and flatter. The 
porous structure can be clearly visualised in the cross-sectional SEM images in Figure 5-3.  
The A. pernyi cocoon has a more compact structure than the B. mori cocoon, with flat silk 
fibres organised parallel to the cocoon wall surface in a “bricks and mortar like” arrangement. 
In contrast, the B. mori cocoon wall has large gaps between silk fibres, which form a much 
more porous structure than the A. pernyi cocoon. On the outer section of A. pernyi cocoon 
wall, cubic mineral crystals are present on the surface of silk fibres and in the pores (as seen 
in inset of Figure 5-2a). These crystals are the excrement left by the silkworm during 
spinning and have been identified as calcium oxalates 45,166,167. Calcium oxalate crystals can 
also be found in other wild species of cocoons 6. The crystals have been suggested to 
contribute to the water resistance of the cocoon 45,46 and the preferential gating of CO2 from 
cocoon inside to outside 46. In contrast to the wild A. pernyi cocoon, there are no crystals on 
the outer surface of the B. mori cocoon. Table 5-1 shows the geometrical parameters of 
silkworm cocoon walls. The fibre width is much larger for the A. pernyi cocoon wall than that 
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for the B. mori cocoon wall. For example, the A. pernyi cocoon, the average fibre width of the 
outer surface is 34 μm, which is around three times the B. mori cocoon.   
 
Figure 5-1. Digital calliper showing the size of A. pernyi and B. mori cocoons. (a) A. pernyi; 
(b) B. mori 
 
Figure 5-2. Morphologies of silkworm cocoons. (a) Outer surface of the A. pernyi cocoon 
(inset shows the cubic mineral crystals on the surface); (b) Middle layer of the A. pernyi 
cocoon; (c) Inner surface of the A. pernyi cocoon (inset shows the digital image of the A. 
pernyi cocoon wall); (d) Outer surface of the B. mori cocoon; (e) Middle layer of the B. mori 
cocoon; (f) Inner surface of the B. mori cocoon  
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Figure 5-3. SEM images showing cross section of silkworm cocoon walls. (a) A. pernyi; (b) B. 
mori 
Table 5-1 Geometrical parameters of silkworm cocoon walls 
    Fibre width (μm) Fibre thickness (μm) Cocoon wall thickness (μm) 
A. pernyi 
Outer surface 34.1±3.2 13.3±1.5 
424±45 Middle layer 30.5±4.0 12.1±1.4 
Inner surface 32.1±5.2 8.0±1.0 
B. mori 
Outer surface 13.0±2.0 13.2±0.9 
377±75 Middle layer 12.9±1.5 9.7±1.4 
Inner surface 8.9±0.5 4.7±0.7 
* Eight samples were tested for all parameters. 
5.2.2    Comparison of thermal insulation between the domestic B. mori and wild 
A. pernyi cocoons 
Both the domestic B. mori cocoon and the wild A. pernyi cocoon were tested in the 
artificial wind flow field that was installed in the oven or fridge, as described in 3.2.1. Figure 
5-4 shows the temperature profiles of locations inside the B. mori cocoon and the A. pernyi 
cocoon. The temperature in the oven was set at 45°C to simulate warm conditions and the 
temperature in the fridge was set at 2°C to simulate cold conditions. The wind velocity was 
set as 0.7 m/s and 1.3 m/s, respectively. Three samples of both types of cocoons were used in 
the experiment and the standard deviations are indicated in the graphs as error bars. 
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Figure 5-4 Temperature profiles for locations both inside the A. pernyi cocoon and the B. 
mori cocoon under windy conditions. a, c) in the warm condition; b, d) in the cold condition. 
The wind velocity is 0.7 m/s for a) and b) and is 1.3 m/s for c) and d) 
The temperature difference (ο ஺ܶ஻) between the A. pernyi cocoon and the B. mori cocoon 
was calculated by  
ο ஺ܶ஻ ൌ ஺ܶǤ௣௘௥௡௬௜ି௜௡ െ ஻ܶǤ௠௢௥௜ି௜௡ሺͷ െ ͳሻ 
where TA. pernyi-in is the inside temperature of the A. pernyi cocoon and the TB. mori-in is the 
inside temperature of the B. mori cocoon.  
In the beginning of the heat transfer process, when the temperature difference between the 
surrounding and inside temperature was high, the temperature increasing (decreasing) rate 
inside the B. mori cocoon was higher than that inside the A. pernyi cocoon. The highest 
interior temperature changing rates for the A. pernyi cocoon under these four conditions 
(shown in Figure 5-4) were 3.5 °C/min, 4.1 °C/min, 5.5 °C/min, 4.9 °C/min, respectively; 
while the changing rates for the B. mori cocoon were 4.8 °C/min, 5.1 °C/min, 6.2 °C/min, 
6.5 °C/min, respectively. As a result, the A. pernyi cocoon showed relatively slower changing 
rates and therefore more significant thermal buffer than the domestic B. mori cocoon. As the 
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cocoon inside temperature approached the surrounding temperature, the temperature 
difference between two cocoons decreased after reaching a maximum value.  
In order to investigate the effect of demineralized process of A. pernyi cocoon to the heat 
transfer process, the A. pernyi cocoon and demineralised A. pernyi cocoon were also 
compared in the artificial wind flow field, which was installed in the oven or fridge. Figure 5-
5 shows the temperature profiles of locations inside of the A. pernyi and demineralised A. 
pernyi cocoons. The temperature in the oven was set at 45 °C to simulate warm conditions 
and the temperature in the fridge was set at 2 °C to simulate cold conditions. The wind 
velocity was set as 0.7 m/s and 1.3 m/s, respectively. Three samples of both types of cocoons 
were used in the experiment and the standard deviations were indicated in the graphs as error 
bars. 
The temperature difference (ο ஺ܶ஽ ) between the A. pernyi and demineralised A. pernyi 
cocoons was calculated by  
ο ஺ܶ஽ ൌ ஺ܶǤ௣௘௥௡௬௜ି௜௡ െ ஽ܶି஺Ǥ௣௘௥௡௬௜ି௜௡ሺͷ െ ʹሻ 
where ஽ܶି஺Ǥ௣௘௥௡௬௜ି௜௡ is the interior temperature of the demineralised A. pernyi cocoon.  
In the beginning of the heat transfer process, the temperature increasing (decreasing) rate 
inside the demineralised A. pernyi cocoon was higher than that inside the A. pernyi cocoon. 
The highest inside temperature changing rates for the A. pernyi cocoon under these four 
conditions (shown in Figure 5-5) were 4.1 °C/min, 5.2 °C/min, 4.1 °C/min, 4.9 °C/min, 
respectively; while the changing rates for the demineralised A. pernyi cocoon were 
8.1 °C/min, 6.7 °C/min, 8.4 °C/min, 8.2 °C/min, respectively. As a result, the A. pernyi 
cocoon showed relatively slower changing rates and therefore more significant thermal buffer 
before demineralised process. As the cocoon inside temperature approached the surrounding 
temperature, the temperature difference between both types of cocoons decreased after 
reaching a maximum value.   
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Figure 5-5 Temperature profiles for locations both inside the A. pernyi and demineralised A. 
pernyi cocoons under windy conditions. a, c) in the warm condition; b, d) in the cold 
condition. The wind velocity is 0.7 m/s for a) and b) and is 1.3m/s for c) and d) 
The thickness and density of the A. pernyi cocoon wall is higher than those of the B. mori 
cocoon wall because more air is stored in the B. mori cocoon wall. Under the experimental 
conditions, convection is unavoidable which increases the heat energy transfer. In the A. 
pernyi cocoon wall, the organisation of silk fibres is more compact and the gap among the 
fibres is much smaller and arranged with high tortuosity 48. This kind of structure can weaken 
the convection and therefore reduce the heat transfer by convection, resulting in reduced heat 
flux through the cocoon wall 168. It also explains why the temperature difference between the 
A. pernyi cocoon interior and B. mori cocoon interior was larger at the initial stage and 
decreased later. At the initial heat transfer stage, the temperature between the surrounding 
and the cocoon interior was larger so the natural convection was more extreme. The fibre 
structure of the A. pernyi cocoon wall assisted with reducing natural convection effectively. 
With the heat transfer time, the temperature difference between surrounding and interior 
became smaller, the insulation function of the A. pernyi cocoon wall was not as obvious and 
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the temperature difference between the A. pernyi cocoon and B. mori cocoon interior 
decreased. 
The silk fibres of the B. mori have a near triangular cross-section and the silk fibres of the 
A. pernyi have a near rectangular cross-section. In general, the silk fibre profiles vary along 
the out-of-plane direction of the cocoon wall. The silk organisation of the A. pernyi cocoon is 
more compact and less porous than the B. mori cocoon, resulting in its higher thermal 
insulation, especially under windy conditions. In addition, by comparison the A. pernyi 
cocoon with demineralised A. pernyi cocoon in the heat transfer process, the existence of the 
mineral crystals on the outer surface of the wild A. pernyi cocoon also contributes to the 
enhancement of its thermal insulation. 
5.2.3    Comparison of modelling data and experimental results for the A. pernyi 
cocoon  
Wind is a critical factor that can alter thermal insulation. In the natural environment where 
wild silkworms live, wind can remove the relatively motionless insulating air on the outer 
surface and in the interior of the cocoon wall and therefore impair its intrinsic insulation 
function. 
The cocoons that have excellent insulation properties rely on still air trapped in the cocoon 
walls and they could lose the function easily under windy conditions. However, the wild 
silkworm cocoon with crystals on the outer surfaces could lessen wind penetration and 
therefore effectively maintain thermal insulation under windy conditions. To further study the 
structural influence of the wild A. pernyi cocoon, including the effect of mineral crystals in 
the outer layers, a computational model was built to simulate the A. pernyi cocoon wall, 
which helps clarify its thermal insulation mechanism under windy conditions.  
The A. pernyi cocoons were tested in the artificial flow field under warm and cold 
conditions. The wind velocity was set at 0.7m/s and 1.3 m/s, respectively. The temperature of 
the oven was set as 45 °C and the temperature of the fridge was set as 2 °C. The duration of 
the experiments in the oven and fridge were 1200 s and 600 s, respectively. Figure 5-6 shows 
the predicted cocoon interior temperature from the models in comparison with experimental 
data (temperature both inside the cocoon and outside the original cocoon). Initially, the 
temperature difference between the surrounding and the inner cocoon was higher, so the heat 
flow rate was larger; the temperature inside the cocoon then changed quickly towards the 
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surrounding temperature, which was driven by the higher temperature gradient of thermal 
conduction. In time, the temperature difference decreased so the changing rate of the 
temperature inside the cocoon became slower due to weakened thermal conduction. It can be 
seen from Figure 5-6 that the results calculated from the present model agree reasonably well 
with the experimental data for the original A. pernyi cocoon.  
 
Figure 5-6 Inner temperature comparison between A. pernyi cocoon model predictions and 
experimental data. (a) and (c) under the warm condition; (b) and (d) under the cold condition. 
The wind velocity is 0.7 m/s for (a) and (b), 1.3 m/s for (c) and (d) 
The A. pernyi cocoon model can express the heat transfer process through the A. pernyi 
cocoon wall reasonably well with little deviation from the experimental curve. This may be 
caused by the following two reasons: firstly, the extra radiant heat transfer between the duct 
and the cocoon was neglected in the model. The radiant heat can be transferred from the 
object with high temperature to the object with low temperature 169,170, and the heat flux by 
thermal radiation is affected by the temperature difference between these two objects 171. At 
the initial heat transfer stage, the temperature difference between the duct and the cocoon was 
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larger, which led to considerable heat flux by thermal radiation and made the model results 
deviate from the experimental data; secondly, the simplified model of the cocoon wall would 
affect the accuracy of the simulation results as well.  
5.2.4    Comparison of modelling data and experimental results for B. mori 
cocoon  
In the experiments, the B. mori cocoon was tested in the artificial flow field under both 
warm and cold conditions. The settings of temperature and wind velocity were the same as 
described in section 5.2.2. The experimental durations for B. mori cocoons were limited to 
600 s and 500 s, respectively. Due to the limited experimental time, the final temperature 
outside the cocoon in the oven or fridge did not reach their set values. The cocoon interior 
temperature was calculated while the states of cocoons exterior were input as the boundary 
conditions in the cocoon models.  
Figure 5-7 shows the predicted cocoon interior temperature from the B. mori cocoon model 
in comparison with experimental data (temperature both inside and outside the original 
cocoon). Initially, as the outer temperature changed rapidly, the temperature difference 
between cocoon exterior and interior was higher; more heat flux was driven by the higher 
temperature difference, leading to the rapid change of cocoon inner temperature towards the 
outer temperature. As time progressed, the changing rate of the outer temperature reduced 
and the temperature difference between the cocoon exterior and interior also decreased, so the 
changing rate of the cocoon inner temperature became slower. The inner temperature of the 
cocoon will reach the outer temperature if enough equilibration time is supplied. 
The numerical results calculated from B. mori cocoon model agree well with the 
experimental data for the original cocoon. Therefore, the B. mori cocoon model can be used 
to accurately predict the heat transfer process through the cocoon wall and investigate the 
thermal properties of the B. mori cocoon wall numerically. 
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Figure 5-7 Inner temperature comparison between B. mori cocoon model predictions and 
experimental data. (a) and (c) under the warm condition; (b) and (d) under the cold condition. 
The wind velocity is 0.7 m/s for (a) and (b), 1.3 m/s for (c) and (d) 
5.2.5    Effect of mineral crystals on heat transfer process through A. pernyi 
cocoon  
To study the function of crystals on the outer layers of the A. pernyi cocoon, the 
embossments on the silk fibre surface of cocoon outer layers, which represent the deposited 
crystals, were removed in the modified model. Under the same conditions as those used for 
the original cocoon (the wind velocity was 0.7 m/s under warm and cold conditions), the 
numerical results of the temperature inside the demineralized cocoon were obtained and also 
shown in Figure 5-8. It can be clearly seen that the inner temperature profile of demineralized 
cocoon is much closer to the outer temperature profile, which indicates that the thermal 
resistance of the cocoon wall decreased after demineralisation treatment. However, the inner 
temperature profiles from the model without crystals do not fit the experimental data of the 
demineralized cocoon as well as the case for the original cocoon, but are closer to the outer 
temperature profiles. The thermal conductivity of crystals is higher than the thermal 
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conductivity of air 6,161, which can increase the heat flux by thermal conduction. However, in 
the experimental conditions, the air is flowing inside the cocoon wall; therefore the heat 
transfer mechanism will differ from the static situation. Both thermal conduction and 
convection can take effect; in some cases, the thermal convection can play a more important 
role than the thermal conduction 116. As a result, it is necessary to study the functions of the 
crystals in affecting the micro-flow field within the cocoon wall.  
 
Figure 5-8 Model predictions of the A. pernyi cocoon inner temperature changes under both 
(a) warm and (b) cold conditions 
Eight positions on the inner and outer surfaces (indicated by a1, a2, a3 and a4 for the outer 
surface and b1, b2, b3 and b4 for the inner surface) were defined, as shown in Figure 4-6a. 
A1 and a4 were 192 μm from the centre of the outer surface in the negative and positive 
directions, respectively. A2 and a3 were 64 μm from the centre of the outer surface in the 
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negative and positive directions, respectively. B1, b2, b3 and b4 were located on the inner 
surface with the same corresponding X-axis values as a1, a2, a3 and a4, respectively. The 
static pressure of each position was used to investigate the effect of mineral crystals on the 
micro-flow field. In the model, the air is supposed to flow along the surface of the cocoon, 
which is perpendicular to the direction of the air flowing through the cocoon wall. Therefore 
the static pressure is one of the most important surrounding factors to influence the air flow 
process. The static pressure profiles at these eight positions from different models are shown 
in Figure 5-9. It can be seen that the static pressure at the position b1, b2, b3 and b4 are 
nearly the same under all conditions; the static pressure from the model with crystals 
fluctuates, while the static pressure from the model without crystals keeps steady. The static 
pressure on the outer surface of the cocoon decreases along the positive direction of x-axis, 
which is due to energy loss during flowing caused by the friction between the boundary of the 
cocoon wall and the fluid (air) 172. 
 
Figure 5-9 The static pressure changes with time at specific locations (indicated in Figure 4-
6a.) on the A. pernyi cocoon outer (a1, a2, a3 and a4) and inner layer surfaces (b1, b2, b3 and 
b4). (a) from the cocoon model with crystals tested under the warm condition; (b) from the 
model without crystals tested under the warm condition  
By comparison with the original A. pernyi cocoon, the inside temperature of the 
demineralized cocoon from experiments is much closer to the surrounding temperature 
(Figure 5-8.), which may indicate the enhancing effect of the mineral crystals on thermal 
resistance. In the comparison between the demineralized cocoon and the model without 
crystals, the simulation results from the model without crystals are closer to the surrounding 
temperature than the experimental data from the demineralized cocoon. This is attributed to 
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the demineralization treatment, which not only removed the crystals but also may have varied 
the cocoon structure. The effect of crystals is shown from their influence on the micro-flow 
field in the cocoon wall. Numerical results indicate that the static pressure distribution inside 
the cocoon is uniform with or without crystals; the existence of crystals makes the air close to 
the cocoon outer surface flow unsteadily, which can therefore increase the flow resistance. 
Although the height of the embossments is not significant, they show obvious influence on 
the static pressure, evidenced by the decreased static pressure at each location (Figure 5-9).  
Figure 5-10 shows the air flow velocity streamlines from the model at 1200 s in the warm 
condition. It indicates that most of the air flow occurred in the surrounding and only a small 
amount of air can flow into the cocoon wall. In the small percentage of air flow into the 
cocoon wall, most of it flowed through the cocoon wall and circulated back into the 
surrounding and the rest flowed through the cocoon wall and reached the interior of the 
cocoon. 
The above phenomena further indicate the wild A. pernyi cocoon wall has strong wind 
resistance by stopping the air flowing from the outside towards inside. When the air flows to 
the outer layer of the cocoon wall, the flow direction of some air varies and mix with other air. 
The change of the flow direction further leads to the change of pressure in the outer layer of 
the cocoon wall. The presence of crystals disrupts the external flow and creates uneven 
pressure along the surface of the cocoon, which would give rise to transient lateral (as 
opposed to radial) flow patterns. This also contributes to minimizing penetration of outside 
air into the inside of the cocoon. This characteristic of cocoon wall can reduce most of the 
heat flux by thermal convection and result in excellent thermal insulation of the A. pernyi 
cocoon wall, especially under windy conditions.  
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Figure 5-10 The distribution of air flow velocity from the A. pernyi cocoon model at 1200s in 
warm conditions 
5.2.6    The micro-flow field in the cocoon wall 
The heat transfer through multilayer clothing assemblies was investigated by Das et al. 173. 
The air presented in this porous material has a significant effect on the thermal resistance. 
Since the heat transfer process through the cocoon wall occurs under windy conditions, the 
heat transfer between the outer surface of the cocoon wall and the surrounding is significantly 
affected by the mechanism of thermal convection.  The cocoon wall is a typical porous 
structure, so the air can flow through the cocoon wall along its connected pores. The volume 
of air flowing through the cocoon wall changes the heat transfer from radiation and 
conduction to include forced convection. Heat change due to forced convection is generally 
significantly greater than radiation and conduction alone. In the model, the air flow direction 
was over the outer surface of the cocoon wall, parallel with the cocoon surface. The micro-
flow field in the cocoon wall was mainly caused by diffusion that was driven by the pressure 
gradient.  
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Figures 5-11 and 5-12 show the comparison of the simulated static pressure between outer 
and inner surfaces of the A. pernyi and B. mori cocoon walls when placed under warm and 
cold conditions with wind velocity set as 1.3 m/s. The locations of the different measurement 
points in A. pernyi and B. mori cocoon models were shown in Figures 4-6 and 4-8, 
respectively. The static pressure of one projected point over time did not always remain the 
same. It fluctuated around a mean value that was plotted in the graph and the error bars 
represent the level of upper and lower fluctuation. On the outer surface of the cocoon wall, 
the external static pressure reduced with increasing distance from the airflow inlet point due 
to friction between the air and the outer surface of the silk fibres during the flow 172. On the 
inner surface of the cocoon wall, the average internal static pressure was almost identical at 
each measurement location. When the air flows in from the inlet, the static pressure on the 
outer surface is higher than the inner surface of the cocoon wall, which leads to air diffusion 
from the exterior to interior. As the air flows over the outer cocoon surface, the outer surface 
static pressure becomes lower than that on the inner cocoon wall surface. This results in air 
diffusion from the cocoon interior to exterior. There is a crossover point where the static 
pressure changes from being higher to lower on the outer surface when compared to the inner 
surface. The various static pressure profiles form different types of cocoon models were 
caused by their unique cocoon structures.  
The state of the micro-flow field in the cocoon wall can be expressed as follows: when the 
air first met the cocoon wall, due to the higher static pressure on the outer surface, some air 
diffused into the cocoon wall; with most air flowing along the cocoon wall, the static pressure 
gradient decreased gradually and then the direction of static pressure gradient changed to the 
outer surface direction, causing the air to diffuse back into the surroundings. Comparing the 
results from both cocoon models, the error bars of the static pressure on the inner surface of 
the A. pernyi cocoon wall were much smaller than that of the B. mori cocoon wall, revealing 
that the A. pernyi cocoon interior is much more stable in the heat transfer process.  
Figure 5-13 shows the air velocity and eddy viscosity fields in the cross section of B. mori 
and A. pernyi cocoon walls in the end of each simulation period. In the air velocity fields of 
cocoon walls (Figures 5-13a and 5-13b), the higher air flow velocity occupied a larger area of 
distribution in the B. mori cocoon wall than that in the A. pernyi cocoon wall. In the B. mori 
cocoon wall (Figure 5-13a), after the air flowed into the outer part of the wall, the velocity 
remained relatively high in a wide region. As the air flowed towards the inner surface of the 
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cocoon wall, the air velocity decreased slowly, indicating a low wind resistance from the 
fibre arrangement. In the A. pernyi cocoon wall (Figure 5-13b), however, the air velocity 
decreased quickly after the air flowed into the outer part of the wall and the lower velocity 
field occupied a wider region. This distribution shows that the wind resistance of A. pernyi 
cocoon walls was higher, especially in its outer section. In the eddy viscosity field (Figures 5-
13c and 5-13d), the general status is that the eddy viscosity was higher in the inner layers 
than that in the outer layers. The change of eddy viscosity was gradual except for some 
random regions. In these regions, the eddy viscosity suddenly increased or decreased, which 
may have been caused by the random distribution of eddy flow. In the B. mori cocoon wall 
(Figure 5-13c), the eddy velocity was lower in the outer layer of the cocoon wall. As the air 
moved towards the inner layer of the cocoon wall, the eddy viscosity increased and remained 
uniform in the middle layer. Unlike the B. mori cocoon wall, when the air flowed into the 
outer layer of the A. pernyi cocoon wall (Figure 5-13d), the eddy viscosity increased quickly 
and remained uniform in the middle and inner layers of the cocoon wall.  
 
Figure 5-11 The comparison of the static pressure between outer and inner surfaces of the A. 
pernyi cocoon wall model. (a) under the warm condition; (b) under the cold condition 
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Figure 5-12 The comparison of the static pressure between outer and inner surfaces of the B. 
mori cocoon wall model. (a) under the warm condition; (b) under the cold condition 
 
Figure 5-13 The air velocity and eddy viscosity fields in the cross section of cocoons wall in 
the end of the simulation period under the warm condition. Velocity field of (a) B. mori 
cocoon model and (b) A. pernyi cocoon model; Eddy viscosity field of (c) B. mori cocoon 
model and (d) A. pernyi cocoon model 
The velocity vector of the air shows the air flow state much more clearly, allowing the 
observation of the direction of air moving during the heat transfer process. The geometry of 
the A. pernyi cocoon wall in the A. pernyi model was divided into three sections (shown in 
Figure 4-6), while the geometry of the B. mori cocoon wall in the B. mori model was divided 
into five sections (shown in Figure 4-8). To understand the air flow state in different layers of 
the cocoon walls, three regions were chosen to show the velocity vector of the air in the 
cocoon walls, respectively. The locations of the regions in A. pernyi and B. mori cocoon 
models are shown in Figures 5-14 and 5-15. Regions A1, A2 and A3 are located in the outer, 
middle and inner sections of the A. pernyi cocoon wall. Regions B1, B2 and B3 are located in 
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the sections 1, 3 and 5 of the B. mori cocoon wall. The velocity vector of the air in warm 
conditions of these six regions are shown in Figures 5-16 to 5-21.  
 
Figure 5-14 Regions A1, A2 and A3 in the A. pernyi cocoon model 
 
Figure 5-15 Regions B1, B2 and B3 in the B. mori cocoon model 
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Figure 5-16 The velocity vector of the air in the outer section of the A. pernyi cocoon model 
(Region A1) 
 
Figure 5-17 The velocity vector of the air in the middle section of the A. pernyi cocoon model 
(Region A2) 
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Figure 5-18 The velocity vector of the air in the inner section of the A. pernyi cocoon model 
(Region A3) 
 
Figure 5-19 The velocity vector of the air in section 1 of the B. mori cocoon model (Region 
B1) 
CHAPTER FIVE 
106 
 
Figure 5-20 The velocity vector of the air in section 3 of the B. mori cocoon model (Region 
B2) 
 
Figure 5-21 The velocity vector of the air in section 5 of the B. mori cocoon model (Region 
B3) 
In the heat transfer process, the air flows along the connected pores in the cocoon wall. The 
flow state of the air appears smooth, except for the air in region A1. The air is mostly rotating 
on one centre, showing the generation of air vortexes in the outer section of the A. pernyi 
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cocoon. These vortexes can enhance the energy loss of the air flow and increase the wind 
resistance through it.  
The air velocity field was used to mathematically describe the motion of air in the cocoon 
wall. The turbulence consisted of small eddies that were continuously forming and 
dissipating, in which the Reynolds stresses were proportional to the mean velocity gradients. 
The Reynolds stresses can be related to the mean velocity gradients and eddy viscosity 174. 
The eddy viscosity was associated with the transfer of momentum caused by turbulent eddies. 
The eddy viscosity in the turbulent flow was apparent viscosity, which depends on the local 
state of turbulence, not fluid property 175. The results of the air velocity and eddy viscosity 
fields in the cross section of cocoon walls show that the air flow in the compact A. pernyi 
cocoon wall was more disordered, leading to more energy loss of the flowing air, higher wind 
resistance through the cocoon wall and less heat flux by thermal convection. The vortex 
generated in the outer section of the A. pernyi cocoon wall can even intensify this effect. This 
higher wind resistance of A. pernyi cocoon wall can reduce wind, shield the hazards for the 
pupa and increase its chance of survival under extreme weather conditions. By comparison, 
the higher air permeability of B. mori cocoon walls is beneficial to the exchange of air and 
the heat flux through the cocoon wall in the indoor environment, which can enhance the 
comfort of the pupa inside.  
5.2.7    Influence of cocoon structure on heat transfer processes  
Since the material properties of the domestic cocoon and the wild cocoon are different, it is 
difficult to distinguish the influence of neat cocoon structure on the heat transfer. Therefore 
the material properties of the solid component of cocoon models were set as identical values 
(the density, heat capacity and thermal conductivity of polyethylene were used 176) for two 
different types of models named as B. mori and A. pernyi cocoon structure models, 
respectively.  
The cocoon models were composed of fluid domain and solid domain. The fluid domain 
was filled with ideal air and the solid domain was made up of fibres. The physical parameters 
of solids used in the models are summarized in Table 5-2.  
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Table 5-2 The physical parameters of solids set in the models  
  
Density 
kg/m3 
Heat capacity 
J/(kg·K) 
Thermal conductivity 
W/(m·K) 
B. mori cocoon model B. mori silk fibre 1358 1243 0.28 
 Polyethylene 960177 1782178 0.46179 
A. pernyi cocoon model 
A. pernyi silk fibre 1353 1243 0.41 
Mineral crystals 2120 1043 0.22 
In the settings of CFX-pre models with the polyethylene material data input, the initial and 
boundary conditions were obtained from the experiments when the B. mori cocoon was 
placed in the warm condition (shown in Figure 5-7c). The average values of the temperature 
profile were chosen to be the surrounding temperature input. Figure 5-22 shows the 
temperature profiles from B. mori and A. pernyi cocoon structure models under the given 
surrounding conditions. It is clear that the inner temperature profile of the B. mori cocoon 
structure model is much closer to the outer temperature profile than that of the A. pernyi 
cocoon structure model. At the simulation time period of 600 s, the heat flux transfer through 
the A. pernyi cocoon structure was approximately 16%, which was lower than that through 
the B. mori cocoon structure. When the time duration was shorter, the value of the decreasing 
rate increased. For example, when the time duration was chosen from 0 s to 400 s, the value 
of decreasing rate increased from 16% to 27%. When the time duration increased, the value 
of decreasing rate reduced. If an infinite time period had been applied to the heat transfer 
process, the inner temperature from both models would become infinitely close to the outer 
temperature and the value of the decreasing rate changed to zero.  
The curves in Figure 5-22 show the lower temperature changes for the A. pernyi structure 
while the outside temperature rises, indicating higher thermal insulation provided by this 
structure. The two main factors influencing the heat transfer process are the cocoon 
dimension and the cocoon structure. The ratio of the surface area to volume of the cocoon, 
which shows the relationship between the heat transfer area and the heat change inside the 
cocoon, can express the impact of cocoon size. Based on the calculation of the cocoon sizes, 
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the surface to volume ratio of the A. pernyi cocoon was about 32% less than that of B. mori 
cocoon, which signifies that the temperature gradient inside of the B. mori cocoon structure 
should be 47% (=32/ (100-32) %) more than that inside of the A. pernyi cocoon structure, if 
the cocoon wall structure was the same and the temperature difference between inside and 
outside of the cocoon remains the same. However, the modelling results are different from 
assumption, which are shown in Figure 5-22. When the temperature difference between 
inside and outside the cocoons was 4.7 °C (∆t1), the inner temperature gradient was 
0.028 °C/s for the  B. mori cocoon structure (kB1) but 0.016 °C/s for the A. pernyi cocoon 
structure (kA1); when the temperature difference increased to 10.1°C (∆t2), the inner 
temperature gradient of B. mori cocoon structure (kB2) was 0.09 °C/s, while that of A. pernyi 
cocoon structure (kA2) was 0.025 °C/s. During the simulated period (600 s), the average 
temperature gradient inside the B. mori cocoon structure is 240% of the average temperature 
gradient inside the A. pernyi cocoon structure, which is 140% greater. And this ratio increases 
when the temperature difference between inside and outside the cocoon is higher (175% 
(=0.028/0.016 %) under 4.7 °C and 360% (=0.09/0.025 %) under 10.1°C). Therefore, except 
for the effect of cocoon size, the structure of the A. pernyi cocoon wall shows higher thermal 
insulation under simulated windy conditions. 
In the A. pernyi and B. mori cocoon structure models, the thickness of A. pernyi cocoon 
wall is 450 μm, which is higher than that of B. mori cocoon wall (410 μm). In order to 
ascertain the effect of cocoon structure on the thermal resistance without the influence of 
thickness factor, the thickness of A. pernyi cocoon wall in the model was changed to be 410 
μm while keeping the porosity of A. pernyi cocoon unchanged. The temperature profile from 
the revised model under the given surrounding conditions is also shown in Figure 5-22. 
During the simulation period (600 s), the average temperature gradient inside the B. mori 
cocoon structure is 128% greater than the A. pernyi cocoon structure with reduced thickness. 
Therefore, except for the effect of cocoon size and cocoon wall thickness, the structure of the 
A. pernyi cocoon wall shows higher thermal insulation under simulated windy conditions. 
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Figure 5-22 The comparison of temperature profiles from B. mori and A. pernyi cocoon 
structure models when the cocoons were simulated in the warm condition 
With the B. mori and A. pernyi cocoon structure models, the effect of the structure on the 
heat transfer process can be clearly compared. As above, the convectional heat flux was 
considered to be the key component of the total heat flux. Therefore the study on the different 
micro-flow field in the cocoon wall is also important. The air velocity and eddy viscosity 
fields in the cross section of cocoon walls at 600 s from B. mori and A. pernyi cocoon 
structure models are shown in Figure 5-23, which show similar characteristics to the fields 
from natural cocoon models (Figure 5-13).  
The velocity vector of the air under warm conditions in regions A1, A2, A3, B1, B2 and 
B3 of cocoon structure models are shown in Figures 5-24 to 5-29. Similar to the natural 
cocoon models, the air vortexes generated in the outer section of the A. pernyi cocoon 
structure model, while the air in the other five sections flow smoothly along the channels 
constructed by silk fibres.  
CHAPTER FIVE 
111 
 
Figure 5-23 The air velocity and eddy viscosity fields in the cocoon walls at 600 s from B. 
mori and A. pernyi cocoon structure models under the warm condition. Velocity fields of (a) 
B. mori cocoon structure model and (b) A. pernyi cocoon structure model; Eddy viscosity 
fields of (c) B. mori cocoon structure model and (d) A. pernyi cocoon structure model 
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Figure 5-24 The velocity vector of the air in the outer section of the A. pernyi cocoon 
structure model (Region A1) 
 
Figure 5-25 The velocity vector of the air in the middle section of the A. pernyi cocoon 
structure model (Region A2) 
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Figure 5-26 The velocity vector of the air in the inner section of the A. pernyi cocoon 
structure model (Region A3) 
 
Figure 5-27 The velocity vector of the air in the outer section of the B. mori cocoon structure 
model (Region B1) 
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Figure 5-28 The velocity vector of the air in the middle section of the B. mori cocoon 
structure model (Region B2) 
 
Figure 5-29 The velocity vector of the air in the inner section of the B. mori cocoon structure 
model (Region B3) 
Previous work of Zhang et al. shows that the A. pernyi cocoon wall exhibited lower 
thermal resistance than the B. mori cocoon wall under silent air condition 6. In this case, the 
higher thermal resistance of the air in the cocoon wall played a more predominant role in the 
heat transfer process to reduce the conductive heat transfer. However, under the modelling 
conditions, the air flowed and the total heat transfer was realised mainly by convective heat 
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transfer, resulting in higher thermal resistance exhibited by the A. pernyi cocoon wall. The 
convectional heat flux through the cocoon wall is caused by the air flow inside it, which is 
mainly affected by diffusion mechanism. In practice, the porosity and tortuosity are often 
used to predict diffusion processes in porous materials as empirical parameters 180. Porosity is 
the ratio of the void volume to the total volume in a porous medium, which has a strong 
effect on the diffusion process and is proportional to the effective diffusivity 181. Assuming 
the path of air transfer in the cocoon wall is curvaceous, tortuosity expresses the property of 
the curve and is reciprocally proportional to the effective diffusivity 182. Compared with the B. 
mori cocoon wall, the A. pernyi cocoon wall is compact, leading to a much lower porosity 
and higher tortuosity which causes less convectional heat flux transfer through the cocoon 
wall, hence the temperature inside the A. pernyi cocoon keeps a higher difference from 
surrounding conditions.  
In Figure 5-23, higher eddy viscosity distribution from the A. pernyi cocoon structure 
model contributes to lower velocity distribution, proving higher wind and thermal resistance. 
In the outer section of A. pernyi cocoon wall, the eddy viscosity increases quickly, indicating 
the generation of eddies. The surface of the solid domain in the outer section of A. pernyi 
cocoon wall is rougher due to the existence of tiny particles which are the mineral crystals. 
These eddies can be generated easily in the channel with a rough inner surface. Altunbas et al. 
also investigated the eddy diffusivity of particles in turbulent flow in rough channels and 
found that increasing channel roughness can enhance the eddy diffusivity of particles 
significantly 183. When the air flow into the middle and inner sections of the A. pernyi cocoon 
wall, the channels of the air decrease in size due to the reduced pores towards the cocoon 
interior. These channels are smaller than the channels in the B. mori cocoon, resulting in 
increased eddy viscosity and lower velocity distributions in the cross section of the A. pernyi 
cocoon wall 184.  
5.3    Summary 
The thermal insulation performances of A. pernyi and B. mori cocoons under warm and 
cold conditions were investigated and compared. Two-dimensional computational fluid 
dynamics (CFD) models were built to simulate the heat transfer processes through the A. 
pernyi and B. mori cocoon walls. The predicted results agreed well with the experimental 
data. Based on the findings from numerical results, the heat transfer processes through the 
cocoon walls was analysed in detail.  
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A. pernyi and B. mori silkworm cocoons were observed by SEM and visual observation. 
The A. pernyi cocoon has a more compact structure than the B. mori, with flat silk fibres 
organised parallel to the cocoon wall surface in a brick-and-mortar like arrangement. In 
contrast, the B. mori cocoon wall has large gaps between silk fibres, which form a much more 
porous structure than the A. pernyi cocoon. On the outer section of A. pernyi cocoon wall, 
cubic mineral crystals are present on the surface of silk fibres and in the pores. The fibre 
width is much larger for the A. pernyi cocoon wall than for the B. mori cocoon wall. 
A. pernyi and B. mori silkworm cocoons were tested under warm and cold conditions to 
compare their thermal insulation performances. The silk organisation of the A. pernyi cocoon 
is more compact and less porous than the B. mori cocoon, resulting in its higher thermal 
insulation, especially under windy conditions. In addition, the existence of the mineral 
crystals on the outer surface of the wild A. pernyi cocoon contributes to the enhancement of 
its thermal insulation. 
The function of mineral crystals on the outer layers of the A. pernyi cocoon in the heat 
transfer process was investigated by the A. pernyi cocoon model. The numerical results show 
that the wild A. pernyi cocoon wall has strong wind resistance. The existence of crystals 
makes the air close to the cocoon outer surface flow unsteadily, which can therefore increase 
the flow resistance. When the air flows to the outer layer of the cocoon wall, the flow 
direction of some air varies and mixes with other air. The change of the flow direction of the 
air further leads to the change of pressure in the outer layer of cocoon wall. The presence of 
the crystals disrupts the external flow and creates uneven pressure along the surface of the 
cocoon, which would give rise to transient lateral (as opposed to radial) flow patterns. This 
also contributes to minimised penetration of outside air into the inside of the cocoon. 
The status of micro-flow field in the cocoon wall was also analysed from the cocoon 
models, which can be expressed as follows: when the air first met the cocoon wall, due to the 
higher static pressure on the outer surface, some air diffused into the cocoon wall; with most 
air flowing along the cocoon wall, the static pressure gradient decreased gradually and the 
direction of the static pressure gradient changed to the outer surface direction, causing the air 
to diffuse back into the surroundings. In the heat transfer process, the air flow in the compact 
A. pernyi cocoon wall was more disordered, leading to greater energy loss of the flowing air, 
higher wind resistance through the cocoon wall and less heat flux by thermal convection. By 
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comparison, the B. mori cocoon wall was loose, the air flowed relatively gently in it, leading 
to higher air permeability.   
Finally, the influence of cocoon structure on the heat transfer process was investigated in 
the modified cocoon models, in which polyethylene was supposed to be the solid components 
of the A. pernyi and B. mori cocoons to remove the effect of material properties from 
different cocoon models. Compared with the B. mori cocoon structure, the air velocity was 
lower and the eddy viscosity was higher in the A. pernyi cocoon wall, especially in the outer 
section. It is shown that the wind and thermal resistance of A. pernyi cocoon structure is 
higher, which is related to the rougher surface of the fibres in the outer section and lower 
porosity of the whole cocoon wall. This characteristics of A. pernyi cocoon wall can enhance 
the shielding of the cocoon against thermal hazards and promote the survival chance of its 
pupa in the wild under extreme weather conditions; the characteristics of B. mori cocoon wall 
can benefit the air and heat flux exchange between the interior and exterior of the cocoon.  
CHAPTER SIX 
118 
 
Chapter 6 Applications of heat transfer models  
6.1    Introduction 
Heat transfer in porous media is a widely studied topic in thermal engineering area.  The 
porous media can be naturally formed (e.g., silkworm cocoons, sand beds and woods) or 
artificially fabricated (e.g., garments, insulation materials and paper products). A porous 
medium is a heterogeneous system made of a solid matrix with its voids filled with fluids and 
can be treated as a continuum by accounting for the role of each phase in transport. 
Considerable numerical and analytical studies were conducted to provide in-depth 
understanding of the transport mechanism of heat transfer inside of the porous media in 
applications such as cavity, channel, pipe and heat exchanger 185-188.  
The factors influencing the heat retention of fabrics, such as porosity, fibre orientation, 
degree of randomness, have been widely investigated. Wu et al. developed a theoretical 
model of simultaneous heat and moisture transfer to study the thermal insulation performance 
of multi-layer clothing assemblies consisting of different types of fibrous battings 189. It was 
found that placing the hygroscopic batting in the inner region (closer to the body) and the 
non-hygroscopic batting in the outer region (away from the body) could increase the thermal 
insulation of clothing assemblies. Karaca et al. investigated the thermal properties such as 
thermal conductivity, thermal absorption and thermal resistance of fabrics woven from 
different cross-sectional shaped polyester fibres 190. The twill fabrics produced from trilobal 
fibres show the lowest thermal conductivity and thermal absorption but the highest thermal 
resistance. Li et al. studied the effects of fibre diameter and porosity on the total effective 
thermal conductivity of stainless steel fiber felt 191. The total effective thermal conductivity 
reduced with the increase in fibre diameter under fixed porosity or with the increase in 
porosity under fixed fibre diameter. With the increase in fibre diameter under fixed porosity, 
thermal conduction remained unchanged, while thermal convection and radiation decreased; 
with the increase in porosity under fixed fibre diameter, thermal convection was almost 
unchanged, while thermal conduction and radiation decreased.  
The effects of fibre shape and parameter were also explored in other applications. Yu et al. 
studied the effects of fibre cross-sectional shapes and fibre parameters, such as fibre diameter, 
fibre transmittance, porosity and refractive index, on ultraviolet (UV) radiation protection of 
a fibre bundle experimentally and numerically 192,193. A bundle of coarser fibres have a lower 
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UV reflectance than that of finer ones with the same mass; the triangular shape has the lowest 
ultraviolet transmittance and highest ultraviolet reflectance for a fibre bundle. Yazdchi et al. 
presented an investigation of the effect of microstructure on the macroscopic permeability of 
fibrous media 194. The permeability of fibrous media can be increased by increasing the 
aspect ratio of horizontal ellipses and decreasing the orientation angle of the ellipses; the 
Carman-Kozeny (CK) factor depends on the porosity and the pore structure, such as particle 
shape, orientation and staggered angle; immobile circles and ellipses have the lowest and 
highest permeability, respectively.  
In chapter 5, both A. pernyi and B. mori cocoon models were built to simulate the heat 
transfer process through them. In this chapter, these two cocoon models were further applied 
to study this thermal phenomenon. The physical parameters of silk fibres, such as heat 
capacity and thermal conductivity, were adjusted in the A. pernyi and B. mori cocoon models 
to investigate their effects on the heat transfer process. Furthermore, to understand the 
functions of fibre shape in the heat transfer process, the cross section of silk fibres in the 
cocoon models was varied, while keeping cross sectional area unchanged.   
6.2    Results and discussion 
6.2.1    The influence of physical parameters of A. pernyi cocoon wall 
The A. pernyi cocoon model was used to investigate the influence of physical parameters 
of A. pernyi cocoon wall in the heat transfer process. In the ANSYS CFX-pre of the A. pernyi 
cocoon model, the physical parameters, such as heat capacity and thermal conductivity, were 
adjusted to be different from previous setting values. The designations of parameters are 
shown in Table 6-1, which covers the range of heat capacity and thermal conductivity of most 
natural and chemical fibres. Thermal conductivity is one of the most important factors in the 
heat transfer process, therefore more inputs of silk fibroin thermal conductivity were 
proposed.  
In the numerical simulations with various physical parameter inputs, the initial and 
boundary conditions were obtained from the experiments when the A. pernyi cocoons were 
placed under warm and cold conditions with the wind velocity set as 0.7 m/s (shown in 
Figure 5-8). The average values of the temperature profile outside of the cocoons were 
chosen to be the surrounding temperature inputs. The influence of physical parameters can be 
obtained by comparison of the outputs. All results were initially evaluated using analysis of 
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variance (ANCOVA; IBM SPSS Statistics 21) at a confidence interval of 95%. The analysed 
physical parameter was set as fixed factor, the output (temperature) was set as dependent 
variable and the time was set as covariate. The calculated results are shown in Tables 6-2 to 
6-9. 
Table 6-1 Physical parameter inputs of the A. pernyi cocoon model 
  Silk fibroin Mineral crystals 
  Heat capacity J/(kg·K) 
Thermal 
conductivity 
W/(m·K) 
Heat capacity 
J/(kg·K) 
Thermal 
conductivity 
W/(m·K) 
Original 1243 0.41 1043 0.22 
Altered 500 2400 
0.15 
0.25 
0.6 
1.0 
1.2 
700 
2200 
0.1 
1.0 
Table 6-2 Effect test of heat capacity of the A. pernyi silk fibroin under warm condition 
Dependent Variable: Temperature 
Source Type ш Sum of Squares df Mean Square F Sig. 
Corrected Model 5116.131a 3 1705.377 307.975 0.000 
Intercept 3492262.794 1 3492262.794 630668.987 0.000 
Time 4589.782 1 4589.782 828.870 0.000 
Heat capacity 526.349 2 263.174 47.527 0.000 
Error 825.072 149 5.537 
Total  14862738.53 153 
Corrected Total 5941.203 152 
a. R Squared = 0.861 (Adjusted R Squared = 0.858) 
Table 6-3 Effect test of heat capacity of the A. pernyi silk fibroin under cold condition 
Dependent Variable: Temperature 
Source Type ш Sum of Squares df Mean Square F Sig. 
Corrected Model 1269.284a 3 423.095 137.878 0.000 
Intercept 1401361.233 1 1401361.233 456675.445 0.000 
Time 1088.833 1 1088.833 354.829 0.000 
Heat capacity 162.498 2 81.249 26.477 0.000 
Error 205.597 67 3.069 
Total  5660206.599 71 
Corrected Total 1474.881 70 
a. R Squared = 0.861 (Adjusted R Squared = 0.854) 
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Table 6-4 Effect test of heat capacity of the A. pernyi mineral crystals under warm condition 
Dependent Variable: Temperature 
Source Type ш Sum of Squares df Mean Square F Sig. 
Corrected Model 5166.456a 3 1722.152 423.574 0.000 
Intercept 3483901.726 1 3483901.726 856888.273 0.000 
Time 5150.514 1 5150.514 1266.802 0.000 
Heat capacity 15.942 2 7.971 1.961 0.144 
Error 605.798 149 4.066 
Total  14840077.71 153 
Corrected Total 5772.254 152 
a. R Squared = 0.895 (Adjusted R Squared = 0.893) 
Table 6-5 Effect test of heat capacity of the A. pernyi mineral crystals under cold condition 
Dependent Variable: Temperature 
Source Type ш Sum of Squares df Mean Square F Sig. 
Corrected Model 1741.970a 3 580.657 272.952 0.000 
Intercept 2036029.947 1 2036029.947 957085.799 0.000 
Time 1740.748 1 1740.748 818.281 0.000 
Heat capacity 1.223 2 0.611 0.287 0.751 
Error 189.332 89 2.127 
Total  7379302.134 93 
Corrected Total 1931.302 92 
a. R Squared = 0.902 (Adjusted R Squared = 0.899) 
Table 6-6 Effect test of thermal conductivity of the A. pernyi silk fibroin under warm 
condition 
Dependent Variable: Temperature 
Source Type ш Sum of Squares df Mean Square F Sig. 
Corrected Model 8423.411a 6 1403.902 304.010 0.000 
Intercept 5761199.383 1 5761199.383 1247569.443 0.000 
Time 8137.805 1 8137.805 1762.216 0.000 
Thermal conductivity 285.605 5 57.121 12.369 0.000 
Error 1172.956 254 4.618 
Total  25365439.38 261 
Corrected Total 9596.367 260 
a. R Squared = 0.878 (Adjusted R Squared = 0.875) 
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Table 6-7 Effect test of thermal conductivity of the A. pernyi silk fibroin under cold condition 
Dependent Variable: Temperature 
Source Type ш Sum of Squares df Mean Square F Sig. 
Corrected Model 5394.597a 6 899.099 298.381 0.000 
Intercept 6070031.324 1 6070031.324 2014438.123 0.000 
Time 5116.398 1 5116.398 1697.959 0.000 
Thermal conductivity 278.199 5 55.640 18.465 0.000 
Error 946.164 341 3.013 
Total  25329638.97 321 
Corrected Total 6340.761 320 
a. R Squared = 0.851 (Adjusted R Squared = 0.848) 
Table 6-8 Effect test of thermal conductivity of the A. pernyi mineral crystals under warm 
condition 
Dependent Variable: Temperature 
Source Type ш Sum of Squares df Mean Square F Sig. 
Corrected Model 3751.665a 3 1250.555 294.643 0.000 
Intercept 2347769.141 1 2347769.141 553156.833 0.000 
Time 3281.408 1 3281.408 773.131 0.000 
Thermal conductivity 470.257 2 235.128 55.399 0.000 
Error 441.408 104 4.244 
Total  10406221.01 108 
Corrected Total 4193.074 107 
a. R Squared = 0.895 (Adjusted R Squared = 0.892) 
Table 6-9 Effect test of thermal conductivity of the A. pernyi mineral crystals under cold 
condition 
Dependent Variable: Temperature 
Source Type ш Sum of Squares df Mean Square F Sig. 
Corrected Model 1750.715a 3 583.572 238.259 0.000 
Intercept 2031899.554 1 2031899.554 829577.394 0.000 
Time 1725.386 1 1725.386 704.435 0.000 
Thermal conductivity 25.329 2 12.665 5.171 0.008 
Error 217.989 89 2.449 
Total  7365667.336 93 
Corrected Total 1968.705 92 
a. R Squared = 0.889 (Adjusted R Squared = 0.886) 
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The results in Tables 6-2 to 6-9 show that the heat capacity of mineral crystals has no 
sigficant effect on the heat transfer process (P>0.05), while the other three physical 
parameters, heat capacity of silk fibroin, thermal conductivity of mineral crystals and silk 
fibroin, have a sigficant effect on the heat transfer process (P<0.05). Mineral crystals make 
up a small part of the A. pernyi cocoon wall, therefore, little heat energy can be stored in 
mineral crystals, with no significant influence on the heat capacity during the heat transfer 
process.  
Under the warm condition, the heat flux from different physical parameter settings was 
compared from 0s to 400s, 800s and 1200s, respectively; under the cold condition, time 
durations of 200s, 400s and 600s were chosen for comparison. The heat flux that occurred 
with the original physical parameter settings in the presupposed time was set as 1. The values 
of the ratio, which was in the parentheses of the figure, was the heat flux ratio between the 
models with altered and original physical parameter settings. The effects of the physical 
parameters of the cocoon wall on the heat transfer process were compared and analysed by 
the variation in heat flux, which are shown in Figures 6-1 to 6-3.  
For the thermal conductivity of A. pernyi mineral crystals, the increment can enhance the 
heat flux through the cocoon wall, especially under the warm condition (Figure 6-1). When 
the thermal conductivity of A. pernyi mineral crystals was lower, this enhancement was more 
obvious. Take the heat transfer process through the cocoon wall under the warm condition as 
an example, when the time changed from 0 s to 400 s, the heat flux through the cocoon wall 
was 1.49 (=1.00/0.67) times higher after the thermal conductivity changed from 0.1 W/ (m·K) 
to 0.22 W/ (m·K), however, after the thermal conductivity increased to 4.5 times higher (from 
0.22 W/ (m·K) to 1.0 W/ (m·K)), the increase of the heat flux was only 20%. The possible 
reason is that the mineral crystals are located on the outer surface of the A. pernyi silk fibre, 
when the thermal conductivity of the mineral crystals is lower than that of silk fibres (0.41 
W/ (m·K)), a layer with higher thermal resistance can be formed to decrease the heat flux 
through the cocoon wall; when the thermal conductivity of the mineral crystals is higher, the 
thermal resistance of the silk fibres is mostly from the silk fibres themselves, with no 
significant influence from the trivial amount of mineral crystals (deposited on the cocoon 
surface ) on the heat transfer process.  
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For the heat capacity of A. pernyi silk fibroin, the increment can weaken the heat flux 
through the cocoon wall (Figure 6-2). The higher heat capacity led to more heat stored in the 
silk fibres, the heat flux through the cocoon wall was consequently delayed.  
For the thermal conductivity of A. pernyi silk fibroin, under the warm condition, the 
increment can reduce the heat flux through the cocoon wall (Figure 6-3a); under the cold 
condition, when the thermal conductivity of silk fibroin was between 0.25 – 0.6 W/ (m·K), 
the A. pernyi cocoon exhibited higher thermal insulation (Figure 6-3b). During the heat 
transfer through the porous A. pernyi cocoon wall, heat was transported by thermal 
convection and conduction. Under the warm condition, the kinetic energy of air molecules 
was higher, making it easier to drive the air through the A. pernyi cocoon. Therefore, the 
convectional heat transfer played a more significant role in the total. The higher thermal 
conductivity of silk fibroin can decrease the temperature gradient of the air in the cocoon wall 
and reduce the convection intensity of the air, which enhances thermal insulation. Under the 
cold condition, with the decreasing kinetic energy of the air molecules, both thermal 
convection and conduction became important. The relationship between the thermal 
conductivity of silk fibroin and the thermal insulation of the cocoon wall was caused by the 
different principal modes of heat transfer.  
 
Figure 6-1 Effect of thermal conductivity of A. pernyi mineral crystals 
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Figure 6-2 Effect of heat capacity of A. pernyi silk fibroin 
 
Figure 6-3 Effect of thermal conductivity of A. pernyi silk fibroin 
6.2.2    The influence of physical parameters of B. mori cocoon wall 
Using the same method in 6.2.1, the influence of physical parameters of B. mori cocoon 
wall on heat transfer process was investigated. In the ANSYS CFX-pre of the B. mori cocoon 
model, the physical parameters, such as heat capacity and thermal conductivity, were 
adjusted to be different from previous setting values. The parameter settings are shown in 
Table 6-10.  
Table 6-10 Physical parameter inputs of the B. mori cocoon model 
Heat capacity 
J/(kg·K) 
Thermal conductivity 
W/(m·K) 
Original 1243 0.28 
Altered 500, 2400 0.1, 0.2, 0.4, 0.6, 1.0, 1.2 
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In the numerical simulations with various physical parameter inputs, the initial and 
boundary conditions were obtained from experiments when the B. mori cocoons were placed 
under the warm and cold conditions with the wind velocity set as 0.7 m/s (shown in Figure 5-
7). The average values of the temperature profile outside of the cocoons were chosen to be 
the surrounding temperature inputs. The influence of physical parameters can be obtained by 
the comparison of the outputs. All the results were initially evaluated using analysis of 
variance (ANCOVA; IBM SPSS Statistics 21) at a confidence interval of 95%. The analysed 
physical parameters were set as fixed factor, the output (temperature) was set as dependent 
variable and the time was set as covariate. The calculated results are shown in Tables 6-11 to 
6-14.  
Table 6-11 Effect test of heat capacity of the B. mori silk fibroin under warm condition 
Dependent Variable: Temperature 
Source Type ш Sum of Squares df Mean Square F Sig. 
Corrected Model 1230.431a 3 410.144 77.638 0.000 
Intercept 1478119.939 1 1478119.939 279799.917 0.000 
Time 1061.290 1 1061.290 200.896 0.000 
Heat capacity 169.141 2 84.570 16.009 0.000 
Error 311.684 59 5.283 
Total  5934797.293 63 
Corrected Total 1542.115 62 
a. R Squared = 0.798 (Adjusted R Squared = 0.788) 
Table 6-12 Effect test of heat capacity of the B. mori silk fibroin under cold condition 
Dependent Variable: Temperature 
Source Type ш Sum of Squares df Mean Square F Sig. 
Corrected Model 1450.266a 3 483.422 100.170 0.000 
Intercept 1718444.487 1 1718444.487 356079.529 0.000 
Time 1234.849 1 1234.849 255.874 0.000 
Heat capacity 215.417 2 107.708 22.318 0.000 
Error 357.125 74 4.826 
Total  6198688.879 78 
Corrected Total 1807.391 77 
a. R Squared = 0.802 (Adjusted R Squared = 0.794) 
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Table 6-13 Effect test of thermal conductivity of the B. mori silk fibroin under warm 
condition 
Dependent Variable: Temperature 
Source Type ш Sum of Squares df Mean Square F Sig. 
Corrected Model 2514.926a 7 359.275 86.492 0.000 
Intercept 2736217.998 1 2736217.998 658720.448 0.000 
Time 2505.048 1 2505.048 603.068 0.000 
Thermal conductivity 9.878 6 1.646 0.396 0.880 
Error 431.999 104 4.154 
Total  10503203.64 112 
Corrected Total 2946.925 111    
a. R Squared = 0.853 (Adjusted R Squared = 0.844) 
Table 6-14 Effect test of thermal conductivity of the B. mori silk fibroin under cold condition 
Dependent Variable: Temperature 
Source Type ш Sum of Squares df Mean Square F Sig. 
Corrected Model 3351.430a 7 478.776 121.177 0.000 
Intercept 4022845.040 1 4022845.040 1018169.654 0.000 
Time 3334.487 1 3334.487 843.948 0.000 
Thermal conductivity 16.943 6 2.824 0.715 0.638 
Error 687.484 174 3.951 
Total  14460341.37 182 
Corrected Total 4038.914 181 
a. R Squared = 0.830 (Adjusted R Squared = 0.823) 
The results of Tables 6-11 to 6-14 show that thermal conductivity of B. mori silk fibroin 
had no effect on the heat transfer process (P>0.05), the heat capacity of B. mori silk fibroin 
had a sigficant effect on the heat transfer process (P<0.05). The porosity of B. mori cocoon 
wall is high, resulting in much air stored in it. In the heat transfer process, the heat flux was 
mainly transferred by thermal convection due to the air flow in the cocoon wall. Therefore, 
the thermal conductivity of B. mori silk fibroin had no effect on the heat transfer process.  
Under the warm condition, the heat flux from different heat capacity settings was 
compared during the periods from 0s to 200s, 400s and 600s, respectively; under the cold 
condition, the periods from 0s to 200s, 400s and 500s were chosen for comprison. The effect 
of the heat capacity of B. mori cocoon wall in the heat transfer process is compared and 
analysed by the changed heat flux, which is shown in Figure 6-4. The increment of heat 
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capacity can lessen the heat flux through the cocoon wall. The higher heat storage capacity 
delayed the heat flux through the B. mori cocoon wall. 
 
Figure 6-4 Effect of heat capacity of B. mori silk fibroin 
6.2.3    The influence of A. pernyi fibre cross-sectional configuration 
The heat transfer process through the A. pernyi cocoon wall may be influenced by the fibre 
cross-sectional configuration. In order to understand the functions of fibre cross-section, the 
A. pernyi cocoon model was further applied. The shape of the cross section of A. pernyi fibre 
was kept as an ellipse, the size of the shape was changed, as shown in Table 6-15.  A. pernyi 
model I refers to the natural A. pernyi cocoon model. A. pernyi model II refers to the natural 
A. pernyi cocoon model with the crystals removed from the outer section. A. pernyi model III 
refers to the fibre cross-sectional configuration changed A. pernyi cocoon model. A. pernyi 
model IV refers to the fibre cross-sectional configuration changed A. pernyi cocoon model 
with the removing of crystals. In these four models, the sectional area of the silk fibres in 
these four models was kept the same, therefore, the porosity of these four models was 
unchanged. The geometries of these four A. pernyi cocoon models are shown in Figures 6-5 
to 6-8 (the definition of Section was shown in Figure 4-6).  
Table 6-15 A. pernyi fibre cross-sectional configurations used in the comparison 
Numbe
r Section Configuration 
Size 
(μm) 
I Outer section 
a=46 
b=10 
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Middle 
section 
 
a=25 
b=5.5 
Inner 
section 
 
a=40 
b=5 
II 
Outer 
section 
 
a=46 
b=10 
Middle 
section 
 
a=25 
b=5.5 
Inner 
section 
 
a=40 
b=5 
III 
Outer 
section 
 
a=28.75 
b=16 
Middle 
section 
 
a=15.62
5 b=8.8 
Inner 
section 
 
a=25 
b=8 
IV 
Outer 
section 
 
a=28.75 
b=16 
Middle 
section 
 
a=15.62
5 b=8.8 
Inner 
section 
a=25 
b=8 
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Figure 6-5 Geometry of the natural A. pernyi cocoon model (model I) 
 
 
Figure 6-6 Geometry of the natural A. pernyi cocoon model with crystals removed (model II) 
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Figure 6-7 Geometry of the fibre cross-sectional configuration changed A. pernyi cocoon 
model (model III) 
 
 
Figure 6-8 Geometry of the fibre cross-sectional configuration changed A. pernyi cocoon 
model with crystals removed (model IV) 
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In the numerical simulations of these four models, the initial and boundary conditions were 
obtained from the experiments when the A. pernyi cocoons were placed under both warm and 
cold conditions with the wind velocity set as 0.7m/s (shown in Figure 5-8). The average 
values of the temperature profile outside the cocoons were chosen to be the surrounding 
temperature inputs. The influence of fibre cross-sectional configuration and the crystals can 
be obtained by the comparison of the outputs. All results were initially evaluated using 
analysis of variance (ANCOVA; IBM SPSS Statistics 21) at a confidence interval of 95%. 
The type of fibre cross-section was set as fixed factor, the output (temperature) was set as 
dependent variable and the time was set as covariate. The calculated results are shown in 
Tables 6-16 to 6-23.  
Table 6-16 Effect test of A. pernyi fibre cross-sectional configuration under warm condition 
(A. pernyi models I and III) 
Dependent Variable: Temperature 
Source Type ш Sum of Squares df Mean Square F Sig. 
Corrected Model 3812.739a 2 1906.370 530.919 0.000 
Intercept 2837428.763 1 2837428.763 790216.978 0.000 
Time 3762.971 1 3762.971 1047.978 0.000 
Fibre cross-sectional 
configuration 49.768 1 49.768 13.860 0.000 
Error 427.293 119 3.591 
Total  11785971.01 122 
Corrected Total 4240.032 121 
a. R Squared = 0.899 (Adjusted R Squared = 0.898) 
Table 6-17 Effect test of A. pernyi fibre cross-sectional configuration under cold condition (A. 
pernyi models I and III) 
Dependent Variable: Temperature 
Source Type ш Sum of Squares df Mean Square F Sig. 
Corrected Model 1126.032a 2 563.016 254.946 0.000 
Intercept 1357567.486 1 1357567.486 614736.787 0.000 
Time 1124.375 1 1124.375 509.142 0.000 
Fibre cross-sectional 
configuration 1.657 1 1.657 0.750 0.390 
Error 130.294 59 2.208 
Total  4924275.743 62 
Corrected Total 1256.326 61 
a. R Squared = 0.896 (Adjusted R Squared = 0.893) 
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Table 6-18 Effect test of A. pernyi fibre cross-sectional configuration (crystals removed) 
under warm condition (A. pernyi models II and IV) 
Dependent Variable: Temperature 
Source Type ш Sum of Squares df Mean Square F Sig. 
Corrected Model 1395.080a 2 697.540 106.851 0.000 
Intercept 2987585.069 1 2987585.069 457644.683 0.000 
Time 1394.365 1 1394.365 213.592 0.000 
Fibre cross-sectional 
configuration  0.715 1 0.715 0.110 0.741 
Error 776.853 119 6.528 
Total  12101980.05 122 
Corrected Total 2171.933 121 
a. R Squared = 0.642 (Adjusted R Squared = 0.636) 
Table 6-19 Effect test of A. pernyi fibre cross-sectional configuration (crystals removed) 
under cold condition (A. pernyi models II and IV) 
Dependent Variable: Temperature 
Source Type ш Sum of Squares df Mean Square F Sig. 
Corrected Model 515.052a 2 257.526 40.496 0.000 
Intercept 1305636.670 1 1305636.670 205313.359 0.000 
Time 513.889 1 513.889 80.810 0.000 
Fibre cross-sectional 
configuration  1.163 1 1.163 0.183 0.670 
Error 375.195 59 6.359 
Total  4810435.856 62 
Corrected Total 890.247 61 
a. R Squared = 0.579 (Adjusted R Squared = 0.564) 
Table 6-20 Effect test of A. pernyi crystals (fibre cross-sectional configuration was changed) 
under warm condition (A. pernyi models III and IV) 
Dependent Variable: Temperature 
Source Type ш Sum of Squares df Mean Square F Sig. 
Corrected Model 2973.780a 2 1486.890 281.245 0.000 
Intercept 2912375.429 1 2912375.429 550874.685 0.000 
Time 2246.793 1 246.793 424.980 0.000 
Crystals 726.987 1 726.987 137.509 0.000 
Error 629.132 119 5.287 
Total  11922397.10 122 
Corrected Total 3602.911 121 
a. R Squared = 0.825 (Adjusted R Squared = 0.822) 
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Table 6-21 Effect test of A. pernyi crystals (fibre cross-sectional configuration was changed) 
under cold condition (A. pernyi models III and IV) 
Dependent Variable: Temperature 
Source Type ш Sum of Squares df Mean Square F Sig. 
Corrected Model 964.757a 2 482.379 104.066 0.000 
Intercept 1333121.848 1 1333121.848 287602.468 0.000 
Time 796.679 1 796.679 171.872 0.000 
Crystals 168.078 1 168.078 36.261 0.000 
Error 273.482 59 4.635 
Total  4872574.807 62 
Corrected Total 1238.239 61 
a. R Squared = 0.779 (Adjusted R Squared = 0.772) 
Table 6-22 Effect test of A. pernyi crystals under warm condition (A. pernyi models I and II) 
Dependent Variable: Temperature 
Source Type ш Sum of Squares df Mean Square F Sig. 
Corrected Model 2993.419a 2 1496.710 208.188 0.000 
Intercept 2911670.587 1 2911670.587 405004.699 0.000 
Time 2630.039 1 2630.039 365.831 0.000 
Crystals 363.380 1 363.380 50.545 0.000 
Error 855.518 119 7.189 
Total  11965553.96 122 
Corrected Total 3848.937 121 
a. R Squared = 0.778 (Adjusted R Squared = 0.774) 
Table 6-23 Effect test of A. pernyi crystals under cold condition (A. pernyi models I and II) 
Dependent Variable: Temperature 
Source Type ш Sum of Squares df Mean Square F Sig. 
Corrected Model 945.327a 2 472.663 95.841 0.000 
Intercept 1329830.147 1 1329830.147 269646.645 0.000 
Time 782.619 1 782.619 158.690 0.000 
Crystals 162.708 1 162.708 32.992 0.000 
Error 290.973 59 4.932 
Total  4862136.792 62 
Corrected Total 1236.300 61 
a. R Squared = 0.765 (Adjusted R Squared = 0.757) 
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The results of Tables 6-16 to 6-23 show that the existance of crystals has a sigficant effect 
on the heat transfer process, for both the natural and fibre cross-sectional configration 
changed A. pernyi cocoons (P<0.05) (Comparsions between A. pernyi models I and II, III and 
IV); the fibre configuration has no effect on the heat transfer process (P>0.05), except for the 
A. pernyi cocoon model with crystals (Comparsion between A. pernyi models I and III)  
under the warm condition (P<0.05). 
As discussed in Section 5.2.5, the existance of mineral crystals can increase the thermal 
insulation of natural A. pernyi cocoon. The velocity vector of the air under warm conditions 
in the outer section of the cocoon wall (region A1 as shown in Figure 5-14) from A. pernyi 
cocoon, i.e. model II, is shown in Figure 6-9. Compared with the velocity vector of the air 
from A. pernyi cocoon model I (Figure 5-16), no vortex was generated in the outer section 
from A. pernyi cocoon model II. Therefore, the air was much easier to flow in the channels 
with smooth surface and the thermal convection was enhanced.   
The inner temperature profiles from A. pernyi models III and IV under both warm and cold 
conditions are shown in Figure 6-10. The inner temperature from A. pernyi model IV is much 
closer to the outer temeprature than that from A. pernyi model III, proving that when the fibre 
cross-sectional configuration was changed, the mineral crystals can still enhance the thermal 
insulation. The velocity vectors of the air under warm conditions in the outer section of 
cocoon wall (region A1 as shown in Figure 5-14) from A. pernyi cocoon models III and IV 
are shown in Figures 6-11 and 6-12. The air flow in the outer section of the cocoon wall is 
smooth. The velocity of air flows in the cocoon wall with crystals is lower, showing the 
higher wind resistance and lower convectional heat transfer caused by the mineral crystals. 
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Figure 6-9 The velocity vector of the air in the outer section of A. pernyi cocoon model II 
(Region A1) under warm condition 
 
 
Figure 6-10 The inner temperature of the A. pernyi cocoon from models III and IV under both 
(a) warm and (b) cold conditions 
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Figure 6-11 The velocity vector of the air in the outer section of A. pernyi cocoon model III 
(Region A1) under warm condition 
 
 
Figure 6-12 The velocity vector of the air in the outer section of A. pernyi cocoon model IV 
(Region A1) under warm condition 
The shape of the cross section of A. pernyi fibre was kept as an ellipse, the fibre cross-
sectional configuration changed models (A. pernyi models III and IV) have a shorter major 
axis and longer minor axis in the fibre size as shown in Table 6-15. Comparing between A. 
pernyi models I and III as shown in Figure 6-13, the fibre cross-section configuration 
changed A. pernyi cocoon (A. pernyi model III) has higher thermal insulation than the natural 
A. pernyi cocoon under the warm condition. In A. pernyi model III, the air channel size along 
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the thickness direction of the cocoon shell (y axis direction) increased and the size along the 
direction parallel to the cocoon wall (x axis diection) decreased. During the heat transfer 
process, the air mainly flew along the direction parallel to the cocoon wall (shown in Figure 
5-10). The decreased size of the main air channel can enhance the wind and thermal 
resistance of the cocoon wall under warm condition. Under the cold condition, the kinetic 
energy of the air molecules decreased, so the air flowed more smoothly in the cocoon, and the 
decreased size of the main air channel did not have a significant effect on the heat transfer 
process. 
 
Figure 6-13 A. pernyi cocoon inner temperature from A. pernyi models I and III under warm 
condition 
6.2.4    The influence of B. mori fibre cross-sectional configuration 
With the same method as described in Section 6.2.3, the influence of fibre cross-sectional 
configuration of B. mori cocoon wall on heat transfer process was also investigated. The 
shape of the changed cross section of B. mori fibre was set as a circle (a special ellipse). The 
size of fibre shape in the B. mori cocoon models is shown in Table 6-24. B. mori model I 
refers to the natural B. mori cocoon model, model II refers to the natural B. mori cocoon 
model adding crystals in the outer section, model III refers to the model with circular fibre 
cross-section, and model IV refers to the model with circular fibre cross-section and the 
addition of crystals. In these four models, the sectional area of the silk fibres in these four 
models was also kept the same in order to maintain the same porosity in these four B. mori 
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cocoon models. The geometries of these four B. mori cocoon models are shown in Figures 6-
14 to 6-17 (the definition of Section was shown in Figure 4-8).  
Table 6-24 B. mori fibre cross-sectional configurations used in the comparison 
Number Section Configuration Size (μm) 
I 
Section 
one 
 
a=18 
b=6.5 
Section 
two 
 
a=16.5 
b=6 
Section 
three 
 
a=15 
b=5.5 
Section 
four 
 
a=15 
b=4.5 
Section 
five 
 
a=13  
b=3 
II 
Section 
one 
 
a=18 
b=6.5 
Section 
two 
 
a=16.5 
b=6 
Section 
three 
 
a=15 
b=5.5 
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Section 
four 
 
a=15 
b=4.5 
Section 
five 
 
a=13 b=3 
III 
Section 
one 
 
a=10.82 
Section 
two 
 
a=9.95 
Section 
three 
 
a=9.08 
Section 
four 
 
a=8.22 
Section 
five 
 
a=6.24 
IV 
Section 
one 
 
a=10.82 
Section 
two 
 
a=9.95 
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Section 
three 
 
a=9.08 
Section 
four 
 
a=8.22 
Section 
five 
 
a=6.24 
 
 
 
Figure 6-14 Geometry of the natural B. mori cocoon model (model I) 
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 Figure 6-15 Geometry of the natural B. mori cocoon model with addition of crystals (model 
II) 
 
Figure 6-16 Geometry of B. mori cocoon model with circular fibre cross-section (model III) 
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Figure 6-17 Geometry of the B. mori cocoon model with circular fibre cross-section and 
addition of crystals (model IV) 
For the numerical simulations of these four models, the initial and boundary conditions 
were obtained from experiments when the B. mori cocoons were placed under the warm and 
cold conditions with the wind velocity set as 0.7 m/s (shown in Figure 5-7). The average 
values of the temperature profile outside of the cocoons were chosen to be the surrounding 
temperature inputs. All results were initially evaluated using analysis of variance (ANCOVA; 
IBM SPSS Statistics 21) at a confidence interval of 95%. The type of fibre cross-section was 
set as fixed factor, the output (temperature) was set as dependent variable and the time was 
set as covariate. The calculated results are shown in Tables 6-25 to 6-32.  
Table 6-25 Effect test of B. mori fibre cross-sectional configuration under warm condition (B. 
mori models I and III) 
Dependent Variable: Temperature 
Source Type ш Sum of Squares df Mean Square F Sig. 
Corrected Model 718.205a 2 359.103 81.802 0.000 
Intercept 782418.386 1 782418.386 178230.823 0.000 
Time 716.008 1 716.008 163.103 0.000 
Fibre cross-sectional 
configuration 2.197 1 2.197 0.500 0.485 
Error 127.308 29 4.390 
Total  3003349.452 32 
Corrected Total 845.513 31 
a. R Squared = 0.849 (Adjusted R Squared = 0.839) 
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Table 6-26 Effect test of B. mori fibre cross-sectional configuration under cold condition (B. 
mori models I and III) 
Dependent Variable: Temperature 
Source Type ш Sum of Squares df Mean Square F Sig. 
Corrected Model 948.334a 2 474.167 99.919 0.000 
Intercept 1142794.009 1 1142794.009 240816.710 0.000 
Time 933.944 1 933.944 196.807 0.000 
Fibre cross-sectional 
configuration 14.390 1 14.390 3.032 0.088 
Error 232.529 49 4.745 
Total  4109335.730 52 
Corrected Total 1180.863 51 
a. R Squared = 0.803 (Adjusted R Squared = 0.795) 
Table 6-27 Effect test of B. mori crystals under warm condition (B. mori models I and II) 
Dependent Variable: Temperature 
Source Type ш Sum of Squares df Mean Square F Sig. 
Corrected Model 1084.312a 2 542.156 266.400 0.000 
Intercept 1071065.137 1 1071065.137 526290.871 0.000 
Time 970.253 1 970.253 476.755 0.000 
Crystals 114.059 1 114.059 56.045 0.000 
Error 89.545 44 2.035 
Total  4341398.900 47 
Corrected Total 1173.858 46 
a. R Squared = 0.924 (Adjusted R Squared = 0.920) 
Table 6-28 Effect test of B. mori crystals under cold condition (B. mori models I and II) 
Dependent Variable: Temperature 
Source Type ш Sum of Squares df Mean Square F Sig. 
Corrected Model 1234.697a 2 617.349 244.417 0.000 
Intercept 1166086.092 1 1166086.092 461669.425 0.000 
Time 851.139 1 851.139 336.977 0.000 
Crystals 383.559 1 383.559 151.856 0.000 
Error 123.764 49 2.526 
Total  4204827.748 52 
Corrected Total 1358.461 51 
a. R Squared = 0.909 (Adjusted R Squared = 0.905) 
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Table 6-29 Effect test of B. mori crystals (circular fibre cross-section) under warm condition 
(B. mori models III and IV) 
Dependent Variable: Temperature 
Source Type ш Sum of Squares df Mean Square F Sig. 
Corrected Model 1019.462a 2 509.731 196.871 0.000 
Intercept 1076940.176 1 1076940.176 415940.582 0.000 
Time 915.145 1 915.145 353.451 0.000 
Crystals 104.318 1 104.318 40.290 0.000 
Error 113.923 44 2.589 
Total  4359050.370 47 
Corrected Total 1133.386 46 
a. R Squared = 0.899 (Adjusted R Squared = 0.895) 
Table 6-30 Effect test of B. mori crystals (circular fibre cross-section) under cold condition 
(B. mori models III and IV) 
Dependent Variable: Temperature 
Source Type ш Sum of Squares df Mean Square F Sig. 
Corrected Model 1073.131a 2 536.566 145.087 0.000 
Intercept 1151159.417 1 1151159.417 311272.788 0.000 
Time 957.865 1 957.865 259.006 0.000 
Crystals 115.266 1 115.266 31.168 0.000 
Error 181.213 49 3.698 
Total  4137601.709 52 
Corrected Total 1254.344 51 
a. R Squared = 0.856 (Adjusted R Squared = 0.850) 
Table 6-31 Effect test of B. mori fibre cross-sectional configuration (crystals added) under 
warm condition (B. mori models II and IV) 
Dependent Variable: Temperature 
Source Type ш Sum of Squares df Mean Square F Sig. 
Corrected Model 1177.206a 2 588.603 461.481 0.000 
Intercept 1423028.060 1 1423028.060 1115693.792 0.000 
Time 1170.299 1 1170.299 917.547 0.000 
Fibre cross-sectional 
configuration 6.908 1 6.908 5.416 0.023 
Error 75.252 59 1.275 
Total  5697099.818 62 
Corrected Total 1252.459 61 
a. R Squared = 0.940 (Adjusted R Squared = 0.938) 
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Table 6-32 Effect test of B. mori cross-sectional configuration (crystals added) under the cold 
condition (B. mori models II and IV) 
Dependent Variable: Temperature 
Source Type ш Sum of Squares df Mean Square F Sig. 
Corrected Model 1033.797a 2 516.898 344.473 0.000 
Intercept 1174536.166 1 1174536.166 782738.488 0.000 
Time 873.981 1 873.981 582.442 0.000 
Fibre cross-sectional 
configuration 159.815 1 159.815 106.505 0.000 
Error 73.527 49 1.501 
Total  4233093.727 52 
Corrected Total 1107.324 51 
a. R Squared = 0.934 (Adjusted R Squared = 0.931) 
The results of Tables 6-25 to 6-32 show that the addition of crystals can affect the heat 
transfer process through the B. mori cocoon wall significantly, both for natural and circle 
shaped B. mori cocoons (P<0.05) (Comparsions between B. mori cocoon models I and II, III 
and IV). For the B. mori cocoon without adding the crystals, the fibre cross-section 
configuration has no effect on the heat transfer process (P>0.05) (Comparsion between B. 
mori cocoon models I and III). For the B. mori cocoon with crystals, the fibre cross-section 
configuration can affect the heat transfer process significantly (P<0.05) (Comparsion between 
B. mori cocoon models II and IV).  
The inner temperatures from B. mori cocoon models I and II under both warm and cold 
conditions are shown in Figure 6-18. The inner temperatures of B. mori cocoon from models 
III and IV under both warm and cold conditions are shown in Figure 6-19. The inner 
temperature from the B. mori cocoon models without adding the crystals is much closer to the 
outer temeprature than that with the crystals. The mineral crystals can also enhance the 
thermal insulation of cocoon structure with high porosity (B. mori cocoon structure). The 
velocity vector of the air under warm conditions in section one of the cocoon wall (region B1 
as shown in Figure 5-15) from B. mori cocoon models II, III and IV is shown in Figures 6-20 
to 6-22. The velocity vector from B. mori cocoon model I is shown in Figure 5-19. The air 
vortexes were generated from the B. mori cocoon models with addition of the crystals. These 
vortexes can enhance the energy loss of the air flow, increase the wind resistance through the 
cocoon wall and decrease the heat transfer by convection. 
CHAPTER SIX 
147 
The inner temperatures of B. mori cocoon from models II and IV under both warm and 
cold conditions are shown in Figure 6-23. The inner temperature from the B. mori cocoon 
model IV is closer to the outer temeprature than that from model II. The B. mori cocoon 
model with circular fibre cross-section and crystals has lower thermal insulation than the 
natural B. mori cocoon with crystals. Figures 6-24 and 6-25 show the air velocity fields in the 
cross section of the cocoon wall from B. mori cocoon models II and IV, respectively. The 
higher air flow velocity occupied a larger area of distribution in the B. mori cocoon wall from 
model IV than model II. The circular fibre cross-section leads to easier flow of the air 
through the B. mori cocoon wall, which can increase the thermal conductivity.  
 
Figure 6-18 Inner temperature of B. mori cocoon from B. mori models I and II under both (a) 
warm and (b) cold conditions 
 
 
Figure 6-19 Inner temperature of B. mori cocoon from B. mori models III and IV under both 
(a) warm and (b) cold conditions 
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Figure 6-20 The velocity vector of the air in the outer section of B. mori cocoon model II 
(Region A1) under warm condition 
 
 
Figure 6-21 The velocity vector of the air in the outer section of B. mori cocoon model III 
(Region A1) under warm condition 
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Figure 6-22 The velocity vector of the air in the outer section of B. mori cocoon model IV 
(Region A1) under warm condition 
 
Figure 6-23 The inner temperature of B. mori cocoon from models II and IV under both (a) 
warm and (b) cold conditions 
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Figure 6-24 The air velocity field in the cocoon wall from B. mori cocoon model II 
 
 
Figure 6-25 The air velocity field in the cocoon wall from B. mori cocoon model IV 
6.3    Summary 
In this chapter, A. pernyi and B. mori cocoon models were further applied to study the 
effects of physical parameter and cross-sectional configuration of silk fibers on the heat 
transfer process. All results were initially evaluated using analysis of variance (ANCOVA) at 
a confidence interval of 95% to verify the significance of the parameters. 
Heat capacity of silk fibroin, thermal conductivity of mineral crystals and silk fibroin had 
sigficant effects on the heat transfer process through the A. pernyi cocoon. The increase of 
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thermal conductivity of mineral crystals decreased the thermal resistance of the A. pernyi 
cocoon. The increase of heat capacity of silk fibroin increased the thermal resistance of the A. 
pernyi cocoon. Under the warm condition, the increase of thermal conductivity of silk fibroin 
increased the thermal resistance of the A. pernyi cocoon; under the cold condition, when the 
thermal conductivity of silk fibroin was between 0.25 – 0.6 W/ (m·K), the A. pernyi cocoon 
exhibited higher thermal insulation. Heat capacity of mineral crystals had no sigficant effect 
on the heat transfer process through the A. pernyi cocoon. 
Heat capacity of B. mori silk fibroin had a sigficant effect on the heat transfer process. The 
increase of heat capacity of silk fibroin increased the thermal resistance of the B. mori cocoon. 
Thermal conductivity of B. mori silk fibroin had no effect on the heat transfer process.  
Mineral crystals increased the thermal insulation of both natural and A. pernyi cocoons 
with varied cross-sectional configurations. With the distribution of mineral crystals in the 
outer section of the cocoon wall, the decreased size of the main air flow channel enhanced the 
thermal insulation of A. pernyi cocoon when the kinetic energy of the air was higher (under 
the warm condition); under the cold condition, the fibre cross-sectional configuration had no 
effect on the heat transfer process. After the cocoon was demineralised (mineral crystals 
removed), the fibre cross-sectional configuration had no effect on the heat transfer process 
under fixed porosity of the cocoon wall. 
For the B. mori cocoon, the addition of the crystals affected the heat transfer process 
through the B. mori cocoon wall significantly under fixed fibre cross-section, for both natural 
and B. mori cocoons with circular fibre cross-section. The addition of mineral crystals 
enhanced the thermal insulation of B. mori cocoon. For the B. mori cocoon with crystals, the 
thermal insulation of the cocoon with natural fibre cross-section was higher than that with 
circular fibre cross-section. For the B. mori cocoon without crystals, the fibre cross-section 
had no effect on the heat transfer process. 
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Chapter 7 Moisture transfer through the silkworm cocoon wall  
7.1    Introduction 
Silkworm cocoon is a biological composite structure that protects the silkworm pupa from 
harsh weather, parasitoids and predators in natural environment 195-197. During the life cycle 
of a silkworm, the larva starts to spin its cocoon after it is fully mature by ejecting two 
continuous threads of 300 m to 900 m in length and moving its head in a regular order 
continuously for up to three days. The larva then changes into pupa while it resides inside the 
cocoon. For the wild silkworm species, it is essential to protect the larva and pupa against 
extreme weather conditions or other forms of attack while maintaining adequate ventilation 
and breathability, so that successful metamorphosis of silkworm pupae to moth can occur in 
the wild. 
A silkworm cocoon is a multi-layer composite material formed by continuous twin silk 
filaments (fibroin) bonded by silk gum (sericin). The sericin protein envelops the fibroin fibre 
with successive sticky layers and ensures the cohesion of the cocoon by gluing silk threads 
together. The cocoons from different species differ in colour, texture and size. Unlike their 
domestic counterparts, non-Bombyx mori (Muga and Tasar) silk cocoons have mineral 
crystals embedded in the outer layers of their shells and are distinctively different in 
properties. Despite the extensive research on silk fibres and silk protein 25,30,47,51,167,198, the 
unique properties and function of non-Bombyx mori cocoons remain a focus for researchers 
who aim at designing and creating bioinspired new lightweight protective materials and 
structures. These cocoons can provide dormant yet strong protection against mechanical 
attacks caused either by invading predators or harsh weather conditions 5,44,199. Other 
functionalities have also been found from silk cocoons, including UV protection40, carbon 
dioxide gating46, thermal insulation6, and temperature and humidity dependent electrical 
properties200, which may play a significant role in securing the silk pupa survival in the 
challenging natural environment. In Chapters 5 and 6, two dimensional computational fluid 
dynamics (CFD) models have been generated according to the A. pernyi and B. mori cocoon 
structures to simulate the heat transfer processes through the cocoon walls under different 
thermal and windy conditions. The thermal insulation performance of these two cocoon types 
was investigated based on the outputs of the cocoon models. The simulation results showed 
that the wild A. pernyi cocoon has a higher wind and thermal resistance than its domestic 
counterpart, which is due to the rougher surface of the fibres in the outer section and the 
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lower porosity of the whole cocoon wall. The present investigation examines how the cocoon 
modulates humidity and maintains suitable moisture levels within the structure. 
The silkworm cocoon wall is a non-woven composite structure that can be considered as a 
porous matrix of sericin reinforced by randomly oriented continuous fibroin 34,35. Many pores 
are located between the silk filaments and these pores can be either interconnected or 
disconnected 36. As a unique hierarchical porous structure, its gas and moisture transfer 
properties have been examined by a number of researchers. Manas et al. recently studied the 
gas diffusion properties of the A. mylitta cocoon 46. The calcium oxalate crystals on the outer 
surface of the cocoon were proved to be able to trap most of the CO2 as hydrogen bonded 
bicarbonate on the surface and lead to unidirectional flow of CO2 from the inner to outer side 
of the cocoon. Interestingly, the flow of O2 through the cocoon wall was found to be bi-
directional. Horrocks et al. investigated the humidity and water transfer properties of the B. 
mori, A. pernyi and Philosamia cynthia ricini (P. c. ricini) cocoons 48. Different layers 
constructed during the silk spinning process exhibit dissimilar transfer functions. The inner 
layer of the cocoon can keep the cocoon chamber at a constant humidity level while allowing 
gas and vapour exchange. The outer layer of the cocoon can prevent water from flowing into 
the cocoon so that a suitable dry condition can be maintained for the pupa. Blossman-Mayer 
and Burggren explored the diffusion properties of oxygen and water vapour of B. mori 
cocoons and found that they did not obstruct the diffusion of either oxygen or water vapour 49. 
Recent investigation also revealed that the calcium oxalate crystals on the outer surface of 
wild silkworm cocoons are able to enhance the water and dust resistance properties of the 
cocoons 201. 
A proper relative humidity level inside the cocoon plays an important role in the process of 
metamorphosis. However, there is still a knowledge gap regarding how the silkworm cocoon 
maintains the moisture environment inside and how water vapour transfers through the 
fibrous cocoon wall structure. In the present investigation, the moisture transfer phenomena 
through the A. pernyi cocoon were studied by water vapour transmission and water vapour 
permeability characterisation. The moisture transfer mechanism through the A. pernyi cocoon 
wall has also been clarified by numerical simulation. In previous simulation works on the 
moisture transfer within porous materials, Zhu et al. developed a fractal coupled heat and 
mass transfer model based on the fractal characteristic of the pore size distribution in porous 
media to study the effects of porosity on heat and mass transfer 202. Due to differences in 
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water vapour concentration, water vapour diffuses into porous fibrous structure through the 
void spaces. Porosity shows a significant influence on the water vapour concentration in the 
void spaces, while it does not affect the moisture sorption of the same types of fibres. Wu and 
Fan also developed a theoretical heat and moisture transfer model to investigate the moisture 
accumulation performance of multi-layer clothing assemblies 189. It was found that the 
moisture accumulation was lower in the region next to the hygroscopic batting than that next 
to the non-hygroscopic batting. This difference was believed to be caused by the reduced 
condensation in the clothing assembly with hygroscopic battings. In the above papers, models 
were only applied to analyse the characteristics of moisture transfer process within porous 
materials from a macroscopic perspective, while how the water vapour penetrates the actual 
micro-scale porous structure could not be clarified. In the present simulation, the model takes 
into account of the actual silk fibre organisation in the cocoon wall in the micro-scale and 
investigates moisture transfer in each location of the fibre gap within the cocoon wall, which 
leads to improved understanding of the unique directional moisture transfer function 
exhibited by the natural A. pernyi cocoon wall. 
7.2    Results and discussion 
7.2.1    The accuracy of moisture resistance testing 
The relative humidity measurements were conducted in a platinum series of temperature 
and humidity standard chamber (ESPEC), in which the temperature, relative humidity and 
wind velocity were controlled. Two types of sensors were used to measure the temperature 
and relative humidity. One type was from the environmental chamber and the data were 
recorded every minute. The other type was SHT71, which was combined with the evaluation 
kit EK-H4 and the data were recorded every second. The accuracy and consistency of the 
sensors have a significant effect on the accuracy of final results. The moisture resistance of 
the cocoon wall was tested when it was connected with a plastic bottle. During testing, the 
moisture was supposed to transfer only through the cocoon wall. The gas permeability 
resistance of the bottle can also affect the final results. Therefore, before being used in the 
relative humidity transfer experiments, the sensors and the bottles were tested to ensure 
accuracy of the experimental measurements. 
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7.2.1.1    The test of RH sensors 
These four SHT71 humidity sensors were tested under ambient condition and the results 
are shown in Figure 7-1.  The SHT71 humidity sensors and the sensor in the ESPEC were 
tested in the ESPEC with temperature set as 20 °C and the results are shown in Figure 7-2. 
When tested under ambient condition, the maximum relative humidity difference of these 
four SHT71 humidity sensors was less than 0.02; when tested in the ESPEC, the data from 
these four SHT71 humidity sensors were different from the data from the sensor in ESPEC, 
especially when the relative humidity changed quickly. The sensor response in ESPEC 
exhibited delay, while the measured data from SHT71 humidity sensors agreed well with 
each other. Therefore, for the relative humidity transfer experiments, only the SHT71 
humidity sensors were used for data recording. 
 
Figure 7-1 The test of SHT71 sensors under room condition 
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Figure 7-2 The test of sensors in ESPEC at 20°C 
7.2.1.2    The gas permeability resistance of the bottle 
In order to ensure the tightness of the bottles, the bottles were tested at a high relative 
humidity condition while the initial relative humidity inside the bottles was low.  One end of 
the bottle, which was designed to connect with the cocoon wall sample, was sealed 
completely (without grinding off the bottom). The relative humidity profiles inside and 
outside the bottles are shown in Figure 7-3. When the relative humidity in the surrounding 
was kept at a high level for a long time, the relative humidity inside the sealed bottles 
changed slightly. Generally, in the moisture transfer experiments, the relative humidity in the 
surrounding kept increasing for less than 20 minutes. During that period, the relative 
humidity inside the sealed bottles changed by less than 3.28%. Therefore, the tightness of the 
bottles has minimal influence on the accuracy of the relative humidity measurement, and the 
moisture resistance of the cocoon samples can be measured and analysed using the current 
method.  
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Figure 7-3 Relative humidity profiles inside and outside the bottles in the bottle tightness test 
7.2.2    Moisture transfer characteristics of the A. pernyi and B. mori cocoon walls 
The relative humidity values inside and outside a model cocoon (i.e. a small bottle with 
one end covered by a cocoon wall) were recorded and used to analyse the moisture transfer 
properties (shown in Figure 3-4). The moisture transfer experiments were conducted at 20 °C 
and 35°C, respectively. The wind velocity in the surrounding was less than 0.3 m/s according 
to the ASTM standard E96/E96M – 12 (Standard Test Methods for Water Vapor 
Transmission of Materials). Under the experimental conditions, the moisture transfer process 
was mainly affected by moisture diffusion when no evaporation or condensation of water 
occurs 102. After the specimens were placed in the chamber, the relative humidity increased 
(from about 60% at temperature 20 °C, about 40% at temperature 35 °C) to a higher value. 
After the relative humidity became higher than 90%,  it was kept for about 1200s and then 
decreased to a low value. The moisture diffused in the direction of the negative water vapour 
partial pressure gradient.  As a result, there are two patterns when the moisture transfers 
through the cocoon wall. One is the moisture transfer from the outer to inner surface of the 
cocoon wall; the other is the moisture transfer from the inner to outer surface of the cocoon 
wall. For the environmental chamber, the relative humidity rising rate is about 0.192 %/s, 
while the relative humidity reducing rate is about 0.023 %/s. In order to obtain similar 
differential water vapour partial pressure range, in the experiments, the outer and inner 
surfaces of the cocoon wall were placed to face the surrounding, respectively.  
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7.2.2.1    Water Vapour Transmission (WVT) of the cocoon wall 
The WVT of the cocoon wall was calculated according to Equation (3-5) and the 
relationship between WVT and differential water vapour partial pressure is shown in Figure 7-
4. The WVT of the cocoon wall increased with the rise of differential water vapour partial 
pressure, which is in accordance with Fick’s law 139. The moisture diffusion is driven by the 
water vapour partial pressure difference across the cocoon wall; a higher pressure difference 
enhances moisture transfer.  
For the A. pernyi cocoon wall (Figure 7-4a), when the water vapour partial pressure 
difference is less than 0.8 kPa, the WVT is similar in both directions (from the outer to inner 
surface of the cocoon wall and from the inner to outer surface of the cocoon wall). With the 
increase of water vapour partial pressure difference, the WVT from inner to outer surface of 
the cocoon wall becomes higher than the WVT in the opposite direction. For example, the 
inside-out and outside-in WVT values are 2.03 and 1.57 g/ (h∙m2), respectively, under the 
same water vapour partial pressure difference of 1.2 kPa. This result indicates that the 
moisture is more difficult to transfer into the cocoon than out of the cocoon, which should 
keep the silkworm dry and comfortable inside the cocoon. 
Compared with the A. pernyi cocoon wall, the B. mori cocoon wall exhibits higher WVT 
(6.87 g/ (h.m2) under 1.2kPa) and there was no significant difference in both directions 
(Figure 7-4b). Some researchers even consider that the B. mori cocoon wall has no resistance 
to the exchange of water vapour 49,203. The excellent breathability of B. mori cocoon helps to 
maintain comfortable conditions in the indoor environment.  
For the demineralised A. pernyi cocoon wall (Figure 7-4c), its WVT shows a lower value 
(1.29 g/ (h.m2) under the same water vapour partial pressure difference (1.2 kPa). 
Furthermore, the WVT in both directions shows no significant variation, suggesting that the 
presence of mineral crystals in a wild cocoon affects its moisture transfer behaviour. 
After demineralisation, the weight of the cocoon walls was nearly unchanged, but the 
thickness of the cocoon walls decreased from 424±45 to 377±75 μm. The porosity of the A. 
pernyi cocoon walls was measured using a pycnometer 204. The porosity of the natural A. 
pernyi cocoon wall is 0.66±0.03; the porosity of the demineralised A. pernyi cocoon wall is 
0.60±0.02. The demineralised A. pernyi cocoon wall is more compact and has a lower 
porosity, leading to a lower WVT under the same water vapour partial pressure difference.  
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Figure 7-4 The relationship between WVT and differential water vapour partial pressure of 
cocoons wall. (a) A. pernyi cocoon wall; (b) B. mori cocoon wall; (c) Demineralised A. pernyi 
cocoon wall 
7.2.2.2    Water Vapour Permeability (WVP) of the cocoon wall 
The moisture transfer characteristics of a porous material can be characterised by WVT 
generally. However, the material thickness and the driving force of moisture transfer are 
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neglected in WVT. Since these two factors also affect the moisture transfer process through 
the material 205,206, water vapour permeability (WVP) was used to gain more complete 
understanding of the moisture transfer. WVP of the cocoon wall was calculated according to 
Equation (3-6). The relationship between WVP and the water vapour partial pressure 
difference is shown in Figure 7-5.   
For the A. pernyi cocoon wall (Figure 7-5a), when the water vapour partial pressure 
difference is below 0.8 kPa, the WVP is similar in both transfer directions and the water 
vapour partial pressure difference shows no significant effect on the WVP. When the water 
vapour partial pressure difference increases beyond 0.8 kPa, the WVP rises faster in the 
direction from inner to outer surface of the cocoon wall than that in the opposite position. The 
average WVP is 0.057 g/ (h∙m∙bar) from the inside out, which is higher than that in the 
opposite direction (0.034 g/ (h∙m∙bar)). 
For the B. mori cocoon wall (Figure 7-5b), the WVP is similar in both transfer directions 
within the water vapour partial pressure difference range. When the water vapour partial 
pressure difference is higher than 0.8 kPa, the WVP increases faster. Comparing the A. pernyi 
cocoon wall with the B. mori cocoon wall, the WVP changing rate with the pressure 
difference for the A. pernyi cocoon wall is only 2.2 g/ (h·m·bar2) from outer to inner surface 
of the cocoon wall and 11 g/ (h·m·bar2) in the opposite direction, which is much lower than 
that for the B. mori cocoon wall (44 g/ (h·m·bar2)) in both directions. The average WVP of B. 
mori cocoon wall is 0.079 g/ (h·m·bar), which is higher than the average WVP of A. pernyi 
cocoon wall (0.046 g/ (h·m·bar)). 
In contrast, the average WVP of demineralised A. pernyi cocoon wall (Figure 7-5c) is 0.030 
g/ (h·m·bar), which is lower than that of the other two cocoon wall types. The WVP of 
demineralised A. pernyi cocoon wall in two directions showed no significant difference. The 
WVP is approximately linear to the differential water vapour partial pressure. The WVP 
changing rate with the pressure difference is about 3.8 g/ (h·m·bar2), which is lower than that 
of  the other two types of cocoon walls, except for that of the direction from outer surface of 
the A. pernyi cocoon wall to the inner surface. When the water vapour partial pressure 
difference is close to 1.6 kPa, the WVP of A. pernyi cocoon wall in the direction from outer to 
inner surface is 0.051 g/ (h·m·bar), which becomes lower than that of demineralised A. pernyi 
cocoon wall (0.066 g/ (h·m·bar)). These results suggest that mineral crystals play a key role 
in causing the directional moisture transfer behaviour of the A. pernyi cocoon; in addition, 
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due to the existence of these crystals, the moisture resistance of more porous material (A. 
pernyi cocoon) can be higher than less porous material (demineralized A. pernyi cocoon), 
even with high water vapour partial pressure difference.  
 
Figure 7-5 The relationship between WVP and differential water vapour partial pressure of 
cocoons wall. (a) A. pernyi cocoon wall; (b) B. mori cocoon wall; (c) Demineralized A. 
pernyi cocoon wall 
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7.2.2.3    Directional water vapour resistance of the A. pernyi cocoon wall 
The water vapour resistance of the A. pernyi cocoon wall in two directions was compared 
experimentally. The cocoon outer and inner surfaces were positioned facing the surrounding, 
respectively. Under the same environmental conditions, the RH profiles inside these two 
types of bottles are shown in Figure 7-6. The “natural cocoon” refers to the bottle with outer 
surface facing the surrounding; the “reverse cocoon” refers to the bottle with cocoon inner 
surface facing the surrounding. Under the experimental condition, the RH outside the bottles 
was higher than the RH inside; therefore the moisture transfer direction in the natural cocoon 
was from outer to inner surface, and the moisture transfer direction in the reverse cocoon was 
from inner to outer surface. As shown in Figure 7-6, the RH profiles from the reverse cocoon 
were much closer to the outer RH than that from natural cocoon, directly indicating that the 
moisture resistance from outer to inner surface was higher than that in the opposite direction.  
 
Figure 7-6 RH profiles comparison between the natural and reverse A. pernyi cocoons. (a) 
T=20 °C; (b) T=35 °C 
7.2.3    Moisture regain of the A. pernyi and B. mori cocoon wall 
A. pernyi, demineralised A. pernyi and B. mori silkworm cocoon walls were tested to 
measure the moisture regain at the temperature of 20±2 °C and relative humidity of 65±2 %, 
as shown in Figure 7-7.  
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Figure 7-7 Moisture regain of cocoons 
All results were evaluated using analysis of variance (ANCOVA; IBM SPSS Statistics 21) 
at a confidence interval of 95%. The type of samples was set as fixed factor and the moisture 
regain was set as dependent variable. 
The results of Table 7-1 show that the type of samples has no sigficant effect on the 
moisture regain (P=0.168>0.05), i.e. that the moisture regain of silk fibre and fibroin from A. 
pernyi and B. mori cocoons are similar; the existence of tiny mineral crystals shows no 
sigficant effect on the moisture regain of the A. pernyi cocoon. Therefore, the difference of 
mositure resistance among these three types of cocoon walls is mainly caused by their unique 
structure.  
Table 7-1 Effect tests of moisture regain of cocoon walls 
Dependent Variable: Moisture regain 
Source 
Type ш Sum of 
Squares df Mean Square F Sig. 
Corrected 
Model 0.001a 2 0.000 2.432 0.168 
Intercept 0.101 1 0.101 525.927 0.000 
Samples 0.001 2 0.000 2.432 0.168 
Error 0.001 6 0.000 
Total 0.103 9 
Corrected Total 0.002 8 
a. R Squared = 0.448 (Adjusted R Squared = 0.264) 
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7.2.4    Comparison of modelling data and experimental results for the A. pernyi 
cocoon wall 
The moisture transfer process through the A. pernyi cocoon wall was simulated when the 
environment (chamber) temperature was set as 20 °C and the relative humidity changed from 
low to high. The relative humidity in the model cocoon placed inside the environment 
chamber was then calculated. The predicted relative humidity in comparison with 
experimental data is shown in Figure 7-8. The duration of the simulation was 1300 s; the 
relative humidity outside the model cocoon changed from 66.94% to 94.04%. Initially, the 
relative humidity increased rapidly at a rate of 0.12 %/s; it then stabilized at around 90%. In 
contrast, the relative humidity inside the model cocoon increased slowly, and the plotted 
curves from calculations and experiments agree very well (Figure 7-8).  
  
Figure 7-8 Predicted results from the relative humidity model in comparison with 
experimental data 
7.2.5    Moisture transportation in the cocoon wall 
During the moisture transfer process, the water vapour flows in the cocoon wall at different 
velocities, which define the motion of water vapour. The velocity of water vapour in the 
cocoon wall can be divided into x and y directions. The velocity of water vapour in the x 
direction ( ௫ܸ) indicates its flow speed along the horizontal direction of the cocoon wall; the 
velocity of water vapour in the y direction ( ௬ܸ) describes its transmission rate through the 
cocoon wall directly. As shown in Figure 4-10, in the geometry of the A. pernyi cocoon wall 
model, a total of 21 rows of silk fibres construct the cocoon wall, therefore 20 gaps between 
two adjacent silk fibres rows are formed consequently, which are named from gap 1 to gap 20. 
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Eight gaps were chosen to investigate the flow of water vapour in the cocoon wall, i.e. gap1 
to gap 5, gap 12, gap 16 and gap 20. Gaps 1 to 3 are located in the outer section of cocoon 
wall; gap 4 is located between the outer and middle sections; gaps 5 and 12 are located in the 
middle section; gap 16 is located between the middle and inner sections; and gap 20 is 
located in the inner section.  
Figure 7-9 shows the numerical results of water vapour velocity in gap 1 of the cocoon 
wall. “Locations” show x coordinate values in the geometry of the A. pernyi cocoon wall 
model. At the same moment, the velocity fluctuated at different locations, both in x and y 
directions. At the same location, the velocity changed slightly with time, except for locations 
next to the inlet and outlet. The velocity at a specific location was higher in the beginning 
then decreased and kept steady. It can be concluded from Figure 7-9 that the flow field can 
reach equilibrium quickly and the velocity field in the simulation can reflect its characteristic 
of the whole moisture transfer process.  
 
Figure 7-9 The numerical results of water vapour velocity in gap 1 of the cocoon wall. (a) x 
direction; (b) y direction 
The numerical results of water vapour velocity in the middle of these eight presupposed 
gaps at 1300s are shown in Figure 7-10. The distance between two adjacent calculated points 
was set as 20 μm. It can be found from the figure that the water vapour velocity decreases 
gradually from the outer to inner surface of the cocoon wall. The water vapour velocity 
profiles along the x-axis direction show that the main flow of water vapour was along the 
positive direction of x axis except for the recirculation zone in both sides of the cocoon wall. 
Since the water vapour velocity along x direction was lower in the middle and inner sections, 
most of the water vapour only flowed in the cocoon wall without passing through it. On the 
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other side, the water vapour velocity profiles along y-axis direction in the outer section of the 
cocoon wall fluctuated in the centre of zero velocity line, showing the generation of vortex. 
The fluctuation of water vapour velocity along the y-axis direction decreased, indicating the 
reduction of vortex intensity. In the negative section of x-axis, the velocity direction turned 
towards the inner surface of the cocoon wall; in the positive section of x-axis, the velocity 
direction turned towards the opposite direction, signifying the flow direction of water vapour 
at these locations.  
 
Figure 7-10 The numerical results of water vapour velocity in the cocoon wall. (a) x direction; 
(b) y direction 
The distribution of water vapour velocity in region C1, C2 and C3 are shown in Figures 7-
12 to 7-14. As shown in Figure 7-11, regions C1, C2 and C3 are located in the gaps of silk 
fibres in the outer, middle and inner sections of the A. pernyi cocoon wall, respectively. In 
region C1, the distribution of water vapour velocity was inhomogeneous. The flow direction 
of water vapour was not along the channels constructed by the silk fibres but mostly rotated 
around centre A. This phenomenon indicates that the vortex of water vapour existed in the 
water vapour flow field in the outer section of the A. pernyi cocoon wall. In regions C2 and 
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C3, the flow direction of water vapour was along the channels constructed by the silk fibres, 
no vortex of water vapour was generated.  
  
Figure 7-11 Regions C1, C2 and C3 in the A. pernyi cocoon moisture transfer model 
 
Figure 7-12 The distribution of water vapour velocity in the outer section of the A. pernyi 
cocoon moisture transfer model (Region C1) 
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Figure 7-13 The distribution of water vapour velocity in the middle section of the A. pernyi 
cocoon moisture transfer model (Region C2) 
 
Figure 7-14 The distribution of water vapour velocity in the inner section of the A. pernyi 
cocoon moisture transfer model (Region C3) 
To further understand the vortex condition in the cocoon wall, the flow field is 
characterised by turbulence kinetic energy and turbulence eddy dissipation. Turbulence 
kinetic energy is defined as the variance of fluctuations in velocity, which can be used to 
quantify the turbulence levels. Turbulence eddy dissipation is the rate at which the velocity 
fluctuations dissipate. The numerical results of turbulence kinetic energy and turbulence eddy 
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dissipation in the middle of eight presupposed gaps at 1300s are presented in Figure 7-15. As 
the position changed from outer to inner surface of the cocoon wall, there was a decrease in 
turbulence kinetic energy and turbulence eddy dissipation. Higher turbulence kinetic energy 
levels were found in the outer section of the cocoon wall which corresponds to more 
significant velocity fluctuation. The turbulence kinetic energy dropped along the x and y 
positive directions, which can be ascribed to the energy loss during the transfer process that 
translated into thermal energy due to the viscosity of molecules. Larger turbulence eddy 
dissipation levels were also found in the outer section of the cocoon wall which demonstrates 
more significant dissipation rate of velocity fluctuations. 
 
Figure 7-15 The numerical results of turbulence kinetic energy and turbulence eddy 
dissipation in the cocoon wall. (a) Turbulence kinetic energy; (b) Turbulence eddy dissipation 
7.2.6    Mechanisms of the moisture transfer through cocoon walls 
Silk fibres are hydroscopic to some extent. During the moisture transfer process, water 
vapour is absorbed at the entering surface of the cocoon wall. After establishing an 
equilibrium rapidly, water vapour is transported through the cocoon wall by diffusion and 
desorbed on the exit surface. Therefore, the primary mechanism of water vapour transmission 
can be considered as Fickian diffusion through porous material under a partial pressure 
gradient.  
The moisture transfer process through the cocoon wall is affected by its porosity and 
tortuosity 180,207. Porosity is a measure of voids volume fraction over the total volume in a 
porous material, which is proportional to moisture transmission rate 181. Because the path of 
water vapour transferred in the cocoon wall is a curve, tortuosity describes the tortuous 
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property of the curve. A number of methods have been developed to define the tortuosity 208-
210. The moisture resistance of the substance diffused in the porous media increase with the 
increase of tortuosity. In fact, some researchers defined the relation between tortuosity and 
porosity theoretically and empirically and found an inversely proportional relationship 
between them 211-213.  
A schematic representation of the moisture transfer mechanism through the A. pernyi 
silkworm cocoon wall is shown in Figure 7-16 (a). The “brick and mortar” organisation of A. 
pernyi silk fibres (as shown in Figure 5-2) constitutes a less porous and more tortuous 
moisture transfer passage that provides higher moisture transfer resistance. In particular, as it 
is shown in Figures 7-4 (a) and 7-5 (a), the moisture resistance of the A. pernyi cocoon wall is 
uniquely directional under high partial pressure gradient, as exhibited by the higher resistance 
from outer to inner surface than the opposite direction, when the water vapour partial 
pressure difference is higher than 0.8 kPa. Under the same environmental condition (Figure 
7-6), the moisture transfer rate through the A. pernyi cocoon wall from outer to inner surface 
is lower than that in the opposite direction, obviously indicating the directional moisture 
transfer characteristic of A. pernyi cocoon wall.  
However, for the demineralized A. pernyi cocoon wall, it can be seen from Figures 7-4 (c) 
and 7-5 (c) that the moisture resistance in both directions is nearly the same within the water 
vapour partial pressure difference range of 0~1.6 kPa.  After demineralization, mineral 
crystals were removed from the surface of silk fibres in the outer section of cocoon wall and 
the directional moisture transfer disappeared concurrently. Similarly, in the case of the 
domesticated B. mori cocoon wall in which no mineral crystals exist (as shown in Figures 7-4 
(b) and 7-5 (b)), the moisture resistance in two directions is nearly the same. These 
experimental results suggest that the existence of mineral crystals has a significant effect on 
the directional moisture resistance of the A. pernyi cocoon wall. In a previous study, Chen et 
al. presented their observations and measurements on 25 diverse types of silkworm cocoons 
to study their gas and water vapour diffusion property 44. From their observation, calcium 
oxalate crystals on the surface of silk fibres were also considered as the main cause which 
affects the diffusion rate of the cocoon wall, but no detailed explanation was given. In this 
work, numerical analysis using CFX 16.0 explains the diffusion properties of the A. pernyi 
cocoon wall. The geometry of the A. pernyi cocoon wall in the model was constructed based 
on the cross-section of the natural cocoon, as shown in Figure 4-10. Prediction results from 
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this model agree reasonably well with experimental data (shown in Figure 7-8), it can 
therefore correctly analyse the moisture transfer properties of A. pernyi cocoon wall 
numerically and be used to predict the moisture transfer process through the A. pernyi cocoon 
wall. 
As shown in Figure 5-2 (a), the cubic crystals create a rough silk fibre surface. When the 
moist air transfers from outer to inner surface of the cocoon wall, the turbulence of the moist 
air is easier to develop on a rougher surface 214,215 and spreads in a broader region, proved by 
the change of velocity direction, especially in the outer section (Figures 7-9 and 7-10). The 
increased roughness can lead to an increase of disturbance amplitude of the flow field 216. 
Therefore, the path of the water vapour transferring in the cocoon wall becomes longer and 
the tortuosity of the moist air increases, resulting in higher moisture resistance. The 
distribution of water vapour velocity in the outer section of the cocoon model (Figure 7-12) 
also shows that the vortex of water vapour is generated in the outer section of the cocoon wall 
which lengthens the diffusion distance of water vapour. Consequently, the turbulence kinetic 
energy and turbulence eddy dissipation are higher in the outer section (Figure 7-15) which 
signifies higher moisture resistance in the outer section. By comparison, when the moist air 
transfers from inner to outer surface of the cocoon wall, although the sizes of the pores are 
smaller, the turbulence is more difficult to develop in the channels constructed by the silk 
fibres with smooth surface.  
Since the generation of turbulence also depends on the flow speed of the moist air 217, 
when the water vapour partial pressure difference level is low, turbulence is hard to develop 
due to the slow flow of moist air; the moisture resistance in two directions is hence similar. It 
can be found in Figures 7-4 (a) and 7-5 (a) that when the water vapour partial pressure 
difference is lower than 0.8kPa, the moisture transfer does not show preference in either 
direction. With the growth of water vapour partial pressure difference, the difference of 
moisture resistance in two directions becomes more apparent. To use the WVP of A. pernyi 
cocoon wall as an example (Figure 7-5 (a)), the WVP from the outer to inner surface remains 
almost constant even when the water vapour partial pressure difference increases, suggesting 
strong defence against the exterior moisture entering the cocoon; at the same time, the WVP 
from the inner to outer surface increases with the enhancement of the water vapour partial 
pressure difference, leading to different WVP in two directions. The unique directional 
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moisture resistance of the A. pernyi cocoon wall can prevent excess moisture from diffusing 
into the cocoon interior and reduce the heat loss under cold conditions 218.  
A schematic representation of the moisture transfer mechanism through B. mori silkworm 
cocoon wall is shown in Figure 7-16 (b). Unlike the A. pernyi silkworm cocoon wall, the 
organisation of B. mori silk fibres is much looser (Figure 5-2).  Due to its high porosity and 
low tortuosity, the moisture transfer inside the B. mori cocoon wall is not affected by the 
cocoon structure much. Blossman-Mayer and Burggren have also made a similar conclusion 
that the B. mori cocoon does not obstruct the exchange of respiratory gases, such as oxygen 
and water vapour, between the pupa and its environment 49. 
 
Figure 7-16. A schematic representation of moisture transfer mechanism of silkworm cocoon 
walls. (a) A. pernyi; (b) B. mori  
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7.3    Summary 
In this chapter, A. pernyi, B. mori and demineralised A. pernyi cocoon walls were tested in 
a platinum series of temperature and humidity standard chamber (ESPEC). A 2D 
computational fluid dynamics model of A. pernyi cocoon wall structure was presented to 
simulate the moisture transfer process through the cocoon wall. The predicted results agreed 
well with the experimental data.  In this model, the moisture transfer process through the A. 
pernyi cocoon wall was investigated numerically.  
Before the cocoon walls were tested in the ESPEC, the accuracy of the experimental 
device was tested, including the RH sensors and tightness of the bottle.  When tested in the 
same surroundings, the difference of relative humidity received from SHT71 humidity 
sensors was less than 0.02. When the relative humidity in the surrounding was kept 
increasing for 20 minutes, the relative humidity inside the sealed bottles increased only 
3.28%, which did not influence the accuracy of the relative humidity transfer experiments.  
The water vapour transmission and water vapour permeability measurements show that the 
A. pernyi cocoon wall has higher moisture resistance (ܹܸܲതതതതതതത is 0.046 g/(h∙m∙bar)) than the B. 
mori cocoon wall (ܹܸܲതതതതതതത is 0.079 g/(h∙m∙bar)). In particular, the A. pernyi cocoon wall has 
higher moisture resistance in the direction from the outer to inner cocoon surface (ܹܸܲതതതതതതത is 
0.034 g/ (h∙m∙bar)) than the opposite direction (ܹܸܲതതതതതതത is 0.057 g/ (h∙m∙bar)), in contrast to the 
equivalent moisture resistance through the B. mori cocoon wall in both directions. After the 
mineral crystals were removed, both the water vapour transmission and water vapour 
permeability remained similar in both directions. 
The moisture regains of the A. pernyi, B. mori and demineralised A. pernyi cocoon walls 
were tested. The results of the ANCOVA analysis proved that these three types of cocoon 
samples did not differ sigficantly in their moisture regain values.  
The directional moisture transfer characteristics of the A. pernyi cocoon wall were studied 
by numerical simulation.  Modelling results testify that the existence of cubic mineral crystals 
(in the cocoon outer section), low porosity and high tortuosity of the cocoon structure lead to 
higher moisture resistance of the A. pernyi cocoon wall. The anisotropic moisture transfer 
characteristics of the A. pernyi is mainly caused by the existence of cubic crystals which 
roughen the silk fibres in the outer section and promote the turbulent flow. This ability of A. 
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pernyi cocoon wall can prevent the room inside the cocoon from over wetting and reduce the 
heat transferring through it.   
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Chapter 8 Conclusions and Suggestions for Future Work 
8.1 Conclusions 
The heat and moisture transfer in porous media is a common phenomenon in a wide range 
of engineering fields, which has been researched for more than 75 years. Silkworm cocoon 
walls, as natural porous protective materials, were investigated for its heat and moisture 
transfer characteristics in the current investigation. 
Materials and experimental methods were introduced in Chapter 3. In Chapter 4, silkworm 
cocoon wall models were constructed to simulate the heat and moisture transfer through the 
cocoon walls. In the models, the silkworm cocoon wall was located in a surrounding that was 
divided into two spaces. One is the space next to the inner surface of the cocoon wall; the 
other is the space next to the outer surface of the cocoon wall. The heat and moisture transfer 
processes between these two spaces do not stop until an equilibrium is reached.  Assumptions 
were made to simplify the model. Governing equations such as the energy and mass 
conservation equations were used to describe the heat and moisture transfer processes in the 
silkworm cocoon wall. In the energy conservation equation, thermal conduction, convection, 
radiation and latent heat were considered to be the main factors affecting the heat transfer 
process; in the mass conservation equation, mass diffusion, convection and generation of 
water vapour were considered to be the main factors affecting the moisture transfer process. 
With the input of boundary conditions, the fields of the related parameters in the silkworm 
cocoon wall, such as temperature and moisture concentration, can be calculated numerically. 
The finite volume method (FVM) was used to obtain the numerical solutions of the models.  
Chapter 5 studied the unique heat transfer characteristics of the A. pernyi and B. mori 
silkworm cocoons. The main findings are listed as follows:  
x For the structures of natural silkworm cocoons, in which most of the pores are 
connected and next to the outer surroundings, the silk organisation of the A. pernyi 
cocoon is more compact than the B. mori cocoon, decreasing the convective heat 
transfer through the cocoon wall more effectively and resulting in its higher thermal 
insulation, especially under windy conditions. 
x The presence of crystals makes the air close to the cocoon outer surface flow 
unsteadily, and disrupts the external flow and creates uneven pressure along the 
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surface of the cocoon. This contributes to higher wind and thermal resistance of the 
wild A. pernyi cocoon wall.  
x The status of micro-flow field in the cocoon wall can be expressed as follows: when 
the air first met the cocoon wall, due to the higher static pressure on the outer surface, 
some air diffused into the cocoon wall; with most air flowing along the cocoon wall, 
the static pressure gradient decreased gradually and then the direction of static 
pressure gradient changed to the outer surface direction, causing the air to diffuse 
back to the surroundings. 
x The structure of the A. pernyi cocoon wall can enhance the shielding of the cocoon 
against thermal hazards and promote the survival chance of its pupa in the wild under 
extreme weather conditions; the structure of the B. mori cocoon wall can benefit the 
air and the heat flux exchange between interior and exterior of the cocoon.  
In Chapter 6, the heat transfer models were further applied to study the effect of physical 
parameters of the cocoon components and the influence of fibre cross-sectional configuration 
on the heat transfer process through the cocoon walls.  The main results are summarised as 
follows: 
x Heat capacity of silk fibroin, thermal conductivity of mineral crystals and silk fibroin 
have significant effects on the heat transfer process through the A. pernyi cocoon. The 
high thermal conductivity of mineral crystals decreases the thermal resistance of the A. 
pernyi cocoon. The high heat capacity of silk fibroin increases the thermal resistance 
of the A. pernyi cocoon. Under the warm condition, the increase in thermal 
conductivity of silk fibroin increases the thermal resistance of the A. pernyi cocoon; 
under the cold condition, when the thermal conductivity of silk fibroin is between 
0.25 – 0.6 W/ (m·K), the A. pernyi cocoon exhibits higher thermal insulation. Heat 
capacity of mineral crystals has no significant effect on the heat transfer process 
through the A. pernyi cocoon. 
x Heat capacity of B. mori silk fibroin has significant effect on the heat transfer process. 
The increase in heat capacity of silk fibroin increases the thermal resistance of the B. 
mori cocoon. Thermal conductivity of B. mori silk fibroin has no effect in the heat 
transfer process.  
x Mineral crystals increase the thermal insulation of A. pernyi cocoon. With the 
distribution of mineral crystals in the outer section of the cocoon wall, the decreased 
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size of the main air flow channel enhances the thermal insulation of A. pernyi cocoon 
when the kinetic energy of the air is higher (under the warm condition); under the 
cold condition, the geometrical dimensions have no effect on the heat transfer process. 
After the cocoon is demineralised (mineral crystals removed), the geometrical 
dimensions have no effect on the heat transfer process under fixed porosity of the 
cocoon wall. For the B. mori cocoon, the fibre cross-section has no effect on the heat 
transfer process. 
The moisture transfer characteristics of the A. pernyi and B. mori cocoon walls were 
compared and investigated in Chapter 7. The moisture resistance of cocoon walls was tested 
in an environmental chamber and the moisture transfer process through the A. pernyi cocoon 
wall was simulated. The key findings are: 
x The A. pernyi cocoon wall has higher moisture resistance (ܹܸܲതതതതതതത is 0.046 g/ (h∙m∙bar)) 
than the B. mori cocoon wall (ܹܸܲതതതതതതത is 0.079 g/ (h∙m∙bar)). In particular, the A. pernyi 
cocoon wall has higher moisture resistance in the direction from the outer cocoon 
surface to the inner surface (ܹܸܲതതതതതതത is 0.034 g/ (h∙m∙bar)) than the opposite direction 
(ܹܸܲതതതതതതത is 0.057 g/ (h∙m∙bar)), in contrast to the equivalent moisture resistance through 
the B. mori in both directions. After the mineral crystals were removed from the A. 
pernyi cocoon wall, both water vapour transmission and water vapour permeability 
remained similar in both directions. 
x The existence of cubic mineral crystals in the outer section, low porosity and high 
tortuosity of the A. pernyi cocoon wall are the main reasons of its higher moisture 
resistance. The anisotropic moisture transfer characteristics of the A. pernyi are 
caused by the existence of cubic mineral crystals which roughen the silk fibres in the 
outer section and promote the turbulent flow. This ability of A. pernyi cocoon wall 
can prevent over wetting inside the cocoon and decrease the heat transfer through it.  
The present study is significant in the following aspects: 
1. It provides an enhanced understanding of the functions of a biological structure, which 
may inspire design and development of biomimetic functional materials.  
2. It provides a new methodology for the investigation of thermal and humidity properties 
of silkworm cocoons.  
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3. It provides accurate models for the prediction of heat and moisture transfer processes 
through silkworm cocoons, which have important applications in studying thermal insulation 
and water vapour resistance of biological structures.  
8.2 Suggestions for Future Work 
Within the scope of present studies, it is feasible to recognize particular areas in which 
further work can be performed. These areas include: 
z In the current experimental and modelling work, the thermal and humidity 
functions of silkworm cocoon walls were investigated under relatively moderate 
conditions. For example, the space in the fridge with isothermal setting of 3 °C was 
used to model the cold surrounding condition; the space in the oven with isothermal 
setting of 45 °C was used to model the warm surrounding condition. In the future 
work, the extreme surrounding conditions (<-20°C or >50°C) can be applied to the 
experiments. Under extreme cold conditions, the generation of solid ice is inevitable; 
under extreme hot conditions, the radiant heat from the high temperature heat source 
may not be neglected. These factors influence the heat and moisture transfer 
processes through the cocoon walls significantly, which cannot be ignored for 
simulation.   
z In the modelling process, two dimensional model was built to save the 
simulation time. The effect of cocoon shape on the heat transfer process was not 
analysed; the heat and moisture transfer in the third dimension and their interaction 
in three dimensions was not clarified either. The application of three dimensional 
models will solve these problems. In the future, three dimensional models may be 
built to simulate the heat and moisture transfer processes through the cocoon walls.  
z In chapter 6, numerical simulation method was applied to investigate the effect 
of physical parameters of the cocoon components and the influence of fibre cross-
sectional configuration on the heat transfer process through the cocoon walls, which 
was not sufficient. The material, with the similar cocoon wall structure and different 
types of fibres, will be conducted to investigate its thermal transfer characteristics 
experimentally and numerically, which is to further verify the conclusions. 
z In the experiments on testing the humidity functions of cocoon walls, the 
sample of the cocoon wall is mainly from the middle part of the cocoon. The 
humidity functions of the cocoon walls from different parts of the cocoons (e.g. top 
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and bottom) can be further investigated and compared in future work, to obtain more 
comprehensive knowledge of the complete cocoon.  
z The findings from silkworm cocoons have significant implications to 
designing biomimetic functional textiles. The rough surface on the outer section is 
one of the main reasons leading to  unique thermal and humidity characteristics of 
the A. pernyi cocoon wall. It would be possible to develop similar surfaces for heat 
and moisture management of fabrics. The experimental methods used on the 
cocoons can be further applied to textiles. Furthermore, the modelling methods 
developed in this thesis can be used to predict thermodynamical and hydro-
mechanical characteristics of functions textiles.  
z The current research on the thermal and humidity functions of the silkworm 
cocoons can be expanded to other types of biomaterials. For example, similar to the 
wild A. pernyi cocoon, butterfly cocoon can also protect the pupa during a cold 
winter; the architecture of honeycombs has a high thermal resistance. All of these 
areas are worthy of further investigation that may inspire biomimetic materials 
design and fabrication.    
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Nomenclature 
ܣ: Area, L2. 
ܽ: Thermal diffusivity, L2 T-1. 
ܥ௙: Mean water vapour concentration in the fibre, M L-3.  
ܥ௙ᇱ: Volumetric moisture concentration in the fibre, M L-3. 
ܥ௩: Water vapour concentration in the inter-fibre void space, M L-3. 
ܥ௩ି௜௡: Water vapour concentration inside the cocoon, M L-3. 
ܥ௩ି௢௨௧: Water vapour concentration outside the cocoon, M L-3. 
ܿ: Amount-of-substance concentration, mol L-3. 
ܿ௣: Effective heat capacity, L2 K-1 T-2. 
ܿ௩௔: Effective volumetric heat capacity of the air, M L-1 K-1 T-2. 
ܿ௩௙: Effective volumetric heat capacity of the fibres, M L-1 K-1 T-2. 
ܿ௩௪: Effective volumetric heat capacity of the condensates (liquid water or solid ice), M L-1 
K-1 T-2. 
ܦ: Mass diffusivity, L2 T-1. 
ܦ௙: Diffusivity of moisture in the fibre, L2 T-1. 
ܦ௣: Effective mass diffusion coefficient, L2 T-1. 
ܦ௩: Diffusivity of water vapour in the air, L2 T-1. 
݀: Moisture content.  
ܧ௕: The emissive power of black body, M T-3. 
ܧ௖: Dry heat loss from the skin induced by conduction, convection and radiation, M T-3. 
ܧ௥: The sensible respiration heat loss, M T-3. 
ܧ௦௞: Evaporative heat loss from the skin, M T-3. 
ܨ: The universal gravitation, M L T-2; total thermal radiation, M L2 T-3. 
ܨ௅: Total thermal radiation travelling to the left, M L2 T-3. 
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ܨோ: Total thermal radiation travelling to the right, M L2 T-3. 
݂: Body forces (per unit quality) acting on the fluid. 
ܩ is the gravitational constant, (ൌ ͸Ǥ͸͹͵ͺͶ ൈ ͳͲିଵଵ݉ଷȀሺ݇݃ ή ݏଶሻ). 
݃: Local gravitational field strength, (=9.8 N/kg). 
ܪ: Height, L.  
݄: Convective thermal transfer coefficient, M K-1 T-3. 
݄௜௡: Convective thermal transfer coefficient inside the cocoon, M K-1 T-3. 
݄௠: Convective mass transfer coefficient, L T-1. 
݄௠ௗ: Mass transfer coefficient due to the diffusion caused by moisture content difference, M 
T-1 L-2. 
݄௠ି௜௡: Convective mass transfer coefficient inside the cocoon, L T-1. 
݄௠ି௢௨௧: Convective mass transfer coefficient outside the cocoon, L T-1. 
݄௢௨௧: Convective thermal transfer coefficient outside the cocoon, M K-1 T-3. 
ܬ: Mass flow rate, M T-1 L-2. 
ܭ௫: Specific permeability, L2. 
݇: Intrinsic permeability of medium, m2; turbulence kinetic energy, L2 T-2. 
݇஻: The Boltzmann constant (=ͳǤ͵ͺͲ͸Ͷͺͺሺͳ͵ሻ ൈ ͳͲିଶଷܬȀܭ). 
ܮ: The specific latent heat for a particular substance, L2 T-2. 
ܯ: The metabolic rate, M T-3; molecular weight of the evaporating substance, M mol-1. 
ܯ஺: The mass flux density, M T-1.  
݉: The mass of the substance, M.  
஺ܰ: The amount of substance flux density, mol T-1. 
݊: The amount-of-substance, mol. 
௞ܲ: Turbulence production due to viscous forces, M L-1 T-3.  
݌: Pressure, M L-1 T-2. 
௦ܲ: Saturated vapour pressure corresponding to ௦ , M L-1 T-2. 
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௩ܲ: Vapour pressure in the vapour region corresponding to ௩ , M L-1 T-2. 
଴ܲ: The known pressure, M L-1 T-2. 
ܳ: Rate of heat transfer, M T-3. 
ݍ: Volume flux per unit area, L T-1. 
ܴ: The universal gas constant, R=8.314471 J/ (K mol) 
௙ܴ: Radius of fibres, L. 
ܴ݄݂: Relative humidity of the air space within the porous batting, dimensionless. 
ݎ: Radius of tube, L. 
ܵ: The instantaneous energy balance of human body, M T-3. 
ܵ௥: The degree of saturation, dimensionless. 
ܶ: Temperature, K. 
݀݅ݒሺ݃ݎܽ݀ܶሻ: The Laplace operator of temperature ߘଶܶ. 
௜ܶ௡: The temperature inside the cocoon, K 
௜ܶ௡௜ି௜௡: The initial temperature at the internal surface of the cocoon, K 
௜ܶ௡௜ି௢௨௧: The initial temperature at the outside surface of the cocoon, K 
௢ܶ௨௧: The temperature outside the cocoon, K 
௦ܶ: Liquid surface temperature at the interface of condensates and vapour, K 
ݑ: Flow velocity, L T-1. 
ܸ: Volume, L3. 
௔ܸ: Volume of air, L3 
௙ܸ: Volume of fibre, L3 
௪ܸ: Volume of condensates (liquid water or solid ice), L3 
ܹ: Weight, M; Water content of the fibrous batting, dimensionless. 
௞ܹ: The external work, M T-3. 
ܹܸܲ: Water vapour permeability, M T-1 L-2. 
ܹܸܶ: Water vapour transmission, T. 
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ݓݐǤ ͳ: Weight of the pycnometer with butanol, M. 
ݓݐԢǤ ͳ: Weight of the pycnometer with demineralised water, M. 
ݓݐǤ ʹ: Weight of the pycnometer with butanol and cocoon wall, M. 
ݓݐԢǤ ʹ: Weight of the pycnometer with demineralised water and cocoon wall, M. 
ݓݐǤ ͵: Dry weight of the cocoon wall, M. 
ݔ: Position; thickness, L. 
ߚ: Radiate sorption constant of the fibres, L-1 
߁: Water accumulation rate, M T-1 L-3. 
߁௦: Rate of sorption, M T-1 L-3. 
߁௖௘: Rate of condensation and freezing, M T-1 L-3. 
߁௦௖௘: Condensation rate per unit surface area of fibre covered with condensates, M T-1 L-2. 
ߛ: Schrage correction factor, dimensionless. 
οܩ: Water vapour mass transfer, M. 
ο݌: The difference in water vapour partial pressure, M L-1 T-2. 
οܶ: Temperature difference, K. 
ߝ: Porosity, dimensionless; turbulence eddy dissipation, L2 T-3. 
ߝᇱ: Porosity of the dry fibrous batting without condensates (= cubic volume of inter-fibre 
space/ total cubic volume of batting space), dimensionless. 
ߞ௜௡: Surface emissivity of the inner covering cocoon, dimensionless. 
ߞ௢௨௧: Surface emissivity of the outer covering cocoon, dimensionless. 
ߠ: The contact angle, rad.  
ߢ: Latent heat of sorption of fibers or condensation of water vapour, L2 T-2.  
ߣ: Effective thermal conductivity, M L K-1 T-3. 
ߣ௔: Effective thermal conductivity of the air, M L K-1 T-3. 
ߣ௪: Effective thermal conductivity of the condensates (liquid water or solid ice), M L K-1 T-3. 
ߣ௙: Effective thermal conductivity of the fibres, M L K-1 T-3. 
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ߣҧ: Mean free path, L.  
ߤ: Dynamic viscosity of water vapour, M L-1 T-1. 
ߤ௧: Turbulent viscosity, M L-1 T-1. 
ߩ: Mass concentration; density, M L-3. 
ߩ௔: Density of air; M L-3. 
ߩ௔ǡ௠: Density of dry air, M L-3. 
ߩ௕௨௧௔௡௢௟: Density of butanol, 810 kg·m-3. 
ߩ௕௨௟௞: Bulk density of cocoon wall, M L-3. 
ߩ௣௔௥௧௜௖௟௘: Particle density of cocoon wall, M L-3. 
ߩ௪: Density of liquid water or solid ice, M L-3. 
ߩ௪௔௧௘௥: Density of demineralised water, 1000 kg·m-3. 
ߪ : Stefan-Boltzmann constant (=5.6705×10-8 w/ (K4m2)). 
߬: Effective tortuosity; deviatoric component of the total stress tensor, dimensionless. 
Ȱ : Heat flux, M L2 T-3. 
Ȱሶ  : Inner heat source, M L2 T-3. 
߶: Mass concentration, M L-3. 
߮: Relative humidity, dimensionless. 
׏: Nabla operator. 
ߘܲ: Pressure gradient vector, M L-3. 
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Appendices 
 Appendix A: 
The relationship between ߝ and ߝᇱ 
௔ܸ refers to the volume of the air; ௙ܸ refers to the volume of the fibres; ௪ܸ refers to the 
volume of the condensates (liquid water or solid ice).  
ߝ ൌ ௔ܸ
௔ܸ ൅ ௙ܸ ൅ ௪ܸ ሺܣ െ ͳሻ 
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Appendix B: 
Calculations of ܿ௩ 
Based on (A-1) and (A-2), we can get (B-1), (B-2) and (B-3) 
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